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(57) ABSTRACT

A pulsed beam of NIR excitation light 1s projected into a
sample (345) at an oblique angle and scanned by a scanning
clement through a volume 1n the sample. 2-photon excitation
excites tluorescence within the sample. The fluorescence 1s
imaged onto an intermediate image plane that remains
stationary regardless of the orientation of the scanning
clement. The 1mage 1s captured by a linear array of light
detecting elements (392) or a linear portion of a rectangular
array. At any given position of the scanning element, the
linear array (or portion) images all depths simultaneously. A
plurality of 1mages are captured for each of a plurality of
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different orientations of the scanning element. The orienta-
tion of the scannming element 1s controlled to move 1n a two
dimensional pattern, which causes the beam of excitation
light to sweep out a three dimensional volume within the
sample.
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MICROSCOPY DEVICES, METHODS AND
SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

This Application 1s a US national stage filing under 335
U.S.C. § 371 of International Application No. PCT/US2017/
061205, filed Nov. 12, 2017, which claims the benefit of
U.S. Provisional Application 62/421,244 filed Nov. 12,
2016, each of which 1s incorporated herein by reference 1n
its entirety.

STATEMENT REGARDING
FEDERALLY-SPONSORED RESEARCH

This invention was made with government support under

grants NS094296, NS076628, NS063226, and NS0353684
awarded by the National Institutes of Health, and 0954796
awarded by the National Science Foundation. The Govern-
ment has certain rights in the invention.

BACKGROUND

A 3-dimensional imaging system called swept, confo-
cally-aligned planar excitation (SCAPE) microscopy has

been developed and described in WO 2015/109323 and US
2016/0327°779, each which 1s incorporated herein by refer-
ence 1n its entirety. The SCAPE system forms three dimen-
sional microscopic 1mages at high speed by scanning exci-
tation light and de-scanning 1image light onto a light detector
such that multiple depths of the sample are detected at each
instant.

SUMMARY OF THE INVENTION

Two-photon excitation 1 various embodiments of
SCAPE can provide rapid 3D i1maging enabling living
anatomy to be explored at high resolution. A pulsed beam of
NIR excitation light 1s projected into a sample at an oblique
angle and scanned by a scanning element through a volume
in the sample. 2-photon excitation excites fluorescence
within the sample. The fluorescence 1s 1maged onto an
intermediate image plane that remains stationary regardless
of the orientation of the scanning element. The image is
captured by a linear array of light detecting elements or a
linear portion of a rectangular array. At any given position
of the scanning element, the linear array (or portion) images
all depths simultaneously. A plurality of images are captured
for each of a plurality of different ornientations of the
scanning ¢lement. The orientation of the scanning element 1s
controlled to move 1 a two dimensional pattern, which
causes the beam of excitation light to sweep out a three
dimensional volume within the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a modular schematic that embodies a range
of design alternatives for resolving images 1n depth at high
frame rates, according to many embodiments disclosed
herein.

FIG. 2 shows a configuration employing a line-scan and
a linear detector for depth-resolved imaging, according to
one or more embodiments of the disclosed subject matter.

FIG. 3 shows an embodiment that scans a line of excita-
tion light through a volume and uses a linear array to detect
multiple depths simultaneously.
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FIG. 4 shows an embodiment that scans a line of Bessel
beam shaped excitation light through a volume and uses a

linecar array to detect 2-photon excitation from multiple
depths simultaneously.

FIG. SA shows another embodiment that 1s similar to the
FI1G. 4 embodiment, but with the linear detector situated at
a different position.

FIG. 5B shows another embodiment that 1s similar to the
FI1G. 5A embodiment, but with the linear detector situated at
a different position and certain components removed.

FIG. 6 shows another embodiment that 1s similar to the
FIG. 4 embodiment, but uses a different technique for
injecting the beam of excitation light.

FIG. 7 shows another embodiment that 1s similar to the
FIG. 4 embodiment, but adds a supplemental non-imaging
detector.

Various embodiments are described 1n detail below with
reference to the accompanying drawings, wherein like ref-
erence numerals represent like elements.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Swept, Confocally-Aligned Planar Excitation (SCAPE)
microscopy 1s a technique for high-speed 3D microscopy in
living organisms. SCAPE can image intact living samples
including the intact mouse brain and freely moving organ-
isms such as Drosophila melanogaster larvae and the
zebrafish heart at over 20 volumes per second.

SCAPE 1s a hybnid between light-sheet microscopy and
confocal scanning microscopy that overcomes many of the
limitations of these existing technologies:

SCAPE uses a single objective lens for both 1llumination
and detection, making sample positioning and alignment
much simpler than conventional light-sheet 1maging.

SCAPE uses an oblique light sheet which 1s swept
through the sample using a scanning mirror, capturing
images of the optically sectioned illuminated plane as it
sweeps. This means that SCAPE acquires 3D volumetric
images without needing to physically translate the objective
lens or the sample. This greatly increases achievable imag-
ing speeds, as well as sample preparation and diversity.

SCAPE’s scanning and de-scanning optics mean that the
illuminated plane always stays aligned with a stationary
camera providing optical sectioning with no other moving
parts. When bidirectional scanming, there 1s no duty cycle or
overhead resulting 1n a simple, mexpensive system with
very high volumetric imaging speeds.

Embodiments of the disclosed subject matter are directed
to 1maging techniques 1 which image light from a subject
1s captured simultaneously from multiple depths to form one
or more i1mages, identified herewithin as depth-resolved
imaging mncluding specific embodiments that have come to
be known as Swept, Confocally-Aligned Planar Excitation
(SCAPE) microscopy. In particular embodiments, which
include SCAPE embodiments, an illumination beam 1s
applied to a subject of interest such that the beam traverses
multiple depths. The shape of the 1llumination beam may be
chosen to facilitate feature discrimination, for example a
light sheet as 1n light sheet or planar i1llumination beam
fluorescence microscopy or a pencil beam. Simultaneously
with the application of the i1llumination beam, 1mage light
resulting from, for example, emission or reflection, 1s cap-
tured from the multiple depths and used to form an 1mage.
By generating, for example, an i1llumination beam in the
form of a planar beam and scanning the planar beam while
de-scanning the resulting image light, a volume may be
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sequentially traversed and imaged rapidly. A pencil beam
may be scanned in multiple axes for a similar effect. This
may be repeated to capture motion of, and within, the
subject. Image capture may be provided by a two dimen-
sional array of detectors such as a camera sensor or by a
linear array for example a line array of photomultipliers.
In embodiments, a single objective 1s used for both
illumination and detection at the sample. The terms “illu-
mination” and “excitation” as used herein connotes any type

of outgoing light used i1n 1maging whether it excites or
inhibits the emission of secondary radiation used to con-
struct an 1mage or 1s returned through some physical phe-
nomenon such as reflection, scattering or any other means.
Thus 1llumination light may generate image light by fluo-
rescence excitation, reflection, scattering, second harmonic
generation, Raman scattering, and/or any other mechanism.
Further, the illumination energy may suppress the image
light at desired locations for resolution refinement. Among
other benefits, the use of a single objective for projecting
illumination light and imaging may simplify subject posi-
tioming and alignment as compared to light-sheet imaging,
that employs separate optical components for projecting
illumination and for receiving imaging light.

In embodiments, a light beam 1s projected through an
objective 1nto a subject along an elongate narrow or planar
beam that extends into multiple depths of the subject and
image light returning from the subject captured from the
multiple depths simultaneously and used for imaging the
teatures at the multiple depths. The beam may be scanned
through multiple positions to allow the formation of a
three-dimensional 1mage. In an embodiment that employs
illumination light 1n the shape of a planar beam, the subject
may be optically-sectioned and the resulting image light
from the 1lluminated plane can be captured through the same
objective as the planar i1llumination beam 1s swept or oth-
erwise repositioned. As the beam 1s moved, the returning
image light 1s de-scanned and imaged onto a light detector
such as a camera or linear array of detectors. The de-
scanning holds a projection of the light returned from
multiple-depth on the light detector. De-scanning herein
refers to holding, progressively or step-wise, a certain map-
ping of the sources of light in the subject 1n the detection
range of the light detector. For example, de-scanning may
maintain a swept illumination planar beam 1n focus on the
image plane of a camera. Embodiments capture or display
multiple discrete, or a continuous range, of planar 1mages to
generate 3D volumetric 1images without physically translat-
ing the objective lens or the subject, thereby significantly
increasing 1imaging speeds while avoiding subject prepara-
tion and selection limitations associated with other imaging,
modalities.

In the embodiments, a scanning element 1s described that
employs a reflecting element, but other mechanisms for
moving a beam, progressively, incrementally, or discontinu-
ously, may be employed in any of the embodiments. Such
additional embodiments may use other light-redirecting
devices such as refracting or diffracting elements to scan one
or narrow or planar beams of light. These may include
mirrors, prisms, acousto-optic deflectors, electric lenses,
spatial light modulators (SLM), resonance scanners, spin-
ning prism or reflector scanners, beam steering mirrors or
optics, flexible optical light guides or fibers, other types of
adaptive optics, or any other mechanism for controlling the
directions of outgoing and immcoming light. Such variations
are considered to be substitutable for the ones 1dentified 1n
any of the disclosed embodiments, including the claims, and
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the resulting embodiments are included in the disclosed
subject matter of the present application.

In embodiments of the disclosed subject matter, the
scanning and de-scanning optics are configured such that the
illuminated path remains aligned with a stationary light
detector (e.g., a linear or two-dimensional light sensor) that
1s sampled to provide optical sectioning. In embodiments, a
planar illumination beam 1s swept through the subject by
moving a scanning mirror (or multiple mirrors or other
scanning device) to alter the angle (or angles) at which the
illumination light 1s incident at the back of an objective
thereby causing the position or angle at which 1t emerges
from the objective to vary. Note that instead of a sheet beam,
a planar i1llumination beam may be formed from multiple
discrete cylindrical beams that are swept by scanning to
traverse a sheet of light or by an optical element that flattens
a cylindrical beam. A planar 1llumination beam may also be
formed by multiple discrete parallel cylindrical beams that
are formed at respective instants. Such a beam may be
scanned 1n both cross-axis dimensions to capture a volume
(given depth 1s captured at once for each position). This
alteration 1n angle causes the illumination beam to sweep
across the subject. As noted, other patterns of 1llumination
are possible to form two dimensional or three dimensional
images or even linear depth-resolved detection. Light from
the i1lluminated region within the subject (e.g., via fluores-
cence excitation, reflection, scattering, second harmonic
generation, and/or Raman scattering) travels back through
the same objective lens and 1s de-scanned. By de-scanning,
even though the light moves (or more generally, 1s reposi-
tioned) through the subject, the detected light forms an
image of the illuminated region that 1s stationary and aligned
with the illuminated region, much 1n the same way that a
confocal pinhole stays aligned with the scanning 1lluminated
focal point 1n a laser scanning confocal microscope.

De-scanning may employ multiple optical components to
generate a stationary image. A camera may be focused on the
image (an mtermediate image) to form a further 1image on a
light detector. An unfocused camera may be aimed at the
image. The image may be formed directly on a light detector.
The light detector may include a high-speed sCMOS cam-
era, CCD camera, photomultiplier tube array, a linear detec-
tor array or any other light detection or imaging device.
Alternatively, the imaging device, or an input to the 1maging
device, can be placed at the image plane. The single sta-
tionary objective configuration in combination with the
scanning/de-scanming configuration in embodiments of the
disclosed subject matter permit their use 1n a manner similar
to other upright or inverted microscopes, or to be provided
as an addition or modification to existing microscopes, such
as confocal microscopes. Both scanning and de-scanning
may comprehend varying the angle, position, or both angle
and position of one or more of a narrow pencil beam (i.e.,
a low aspect ratio beam, for example one that 1s round) or
planar beam of light.

Referring to FIG. 1, various high-level features associated
with embodiments of an 1maging system 100 are 1llustrated.
Embodiments may include some or all of the {features
illustrated 1n FIG. 1, as well as other features not specifically
illustrated 1n FIG. 1. In some embodiments, some of the
teatures 1n FIG. 1 can be omitted or rearranged with respect
to other {features, whether 1illustrated or not illustrated.
Moreover, the features illustrated are of simplified compo-
nents performing one or more functions. Based on the
general discussion of FIG. 1 and the following detailed
discussion of various examples, many alternatives for per-
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forming the one or more functions represented by the
simplified components will be readily apparent to one of
ordinary skall.

In one or more embodiments, an 1maging system 100 can
be used to 1mage a subject 106, either microscopically or
macroscopically. The imaging system 100 may include,
among other things, a first optical module 102 (i.e., an
illumination module), a second optical module 103, and a
third optical module 104 (1.e., a detection module). The
illumination module 102 can provide, for example, a beam
of laser light, and pre-condition the light such that 1t forms
into a linear or planar beam within the subject 106. The
pre-conditioning of the beam may cause 1t to form a narrow
or planar 1llumination pattern within the subject. Optics may
not themselves form a beam or plane. An SLM 1s an option
to precondition the beam to reduce aberrations, e.g. via
adaptive optics of for Bessel beam formation etc. The
1llumination beam can be modulated in time to create spatial
patterns 1n the plane or otherwise patterned to create struc-
tured 1llumination which may then be subject to image
processing to generate “super-resolution” 1mages. The 1illu-
mination module 102 can provide iput light 134 for scan-
ning to the second optical module 103 via one or more
optical pathways. The detection module 104 can receive
light 135 that has been reflected, scattered, and/or emitted by
illuminated plane within the subject 106 1n response to the
incident light.

The illumination module 102 may include a primary
illumination source 122, for example, a laser light source or
collimated beam source. An 1llumination beam generated by
the primary 1llumination source 122 can be provided to a
beam conditioning module 120, which includes one or more
illumination optics and/or components for conditioning the
light beam to achieve a desired i1llumination characteristic.
For example, the one or more illumination optics and/or
components of the beam conditioning module 120 may
include refractive, reflective, and/or diffractive optics for
forming a beam into a linear or planar beam within subject
106. For example, for forming a planar illumination beam,
the refractive, retlective, and/or diffractive optics may
include active elements such as a scanner or passive ele-
ments such as a cylindrical lens. Alternatively or addition-
ally, the one or more 1llumination optics and/or components
of the beam conditioning module 120 may include beam
conditioning components, such as wavelength selective {il-
ters, polarization selective or altering components, gradu-
ated neutral-density filters, modulators, etc. Alternatively or
additionally, the one or more 1llumination optics and/or
components of the beam conditioning module 120 may
include an aperture that limits a size of the beam prior to any
conditioning of the beam, after some or all of the condi-
tioming of the beam, or at any other point along the optical
path between the light source and the subject. Alternatively
or additionally, the one or more illumination optics and/or
components of the beam conditioning module 120 may
include a zoom lenses (not shown, but may be disposed
before focusing module 108, for example, within telescope
110, depending on the configuration of the system) that can
be used to change a magnification of the second module 103
and/or an electric lens (not shown) that can be used to alter
a position of the illumination with respect to the focusing
module 108. Alternatively or additionally, the beam condi-
tioming module 120 may include adaptive optics, such as a
spatial light modulator (SLM), which can pre-condition the
beam to reduce aberrations.

Note that in the disclosed embodiment, one or more types
of aberrations may arise due to the system’s function to
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acquire and hold focus at multiple depths (axial positions
relative to the objective). These may include chromatic
aberration and spherical aberration depending on designer-
selected configurations. These aberrations may be reduced
or eliminated using known techniques for example aspheri-
cal lenses, GRIN lenses, multiple element optics, or other
techniques. In some of the embodiments, the aberrations
arising 1n the objective are compensated by transmitting
light through a lens assembly whose characteristics are
selected to tully or substantially compensate the aberrations
introduced by the objective. For example, a lens assembly
that 1s 1dentical to the objective may be used.

In some configurations, the primary illumination source
122 can be modulated in time to create spatial patterns in the
illuminated plane within the subject, or otherwise patterned
to create structured illumination for enhancing resolution
(1.., “super-resolution™), such as in lattice light-sheet
microscopy. Alternatively or additionally, the primary illu-
mination source 122 can generate one or more Bessel beams
that form the planar illumination beam that illuminates the
subject.

In some configurations, the primary illumination source
122 may include a plurality of light sources, for example, a
plurality of laser light sources having different center wave-
lengths. In such configurations, the beam conditioning mod-
ule 120 may further include optics and/or components for
selection of wavelengths for illumination, for example, by
switching between approprate filters, by selective activation
ol a particular laser, or by moving one of the plurality of
laser sources (or a corresponding input component) into a
singular input position. Alternatively or additionally, the
beam conditioning module 120 may include optics and/or
components for combining multiple light beams 1nto a single
beam. In such a configuration, additional optics and/or
components can be provided downstream of the 1llumination
module 102, for example, by including multi-band dichroics
as part of the separation module 112 and/or by employing
notch filters as part of 1image conditioning module 130, to
accommodate the simultaneous multi-wavelength 1llumina-
tion and resulting detected light. Alternatively or addition-
ally, combinations of a plurality of light sources can permit
stimulated emission depletion (STED) imaging, for
example, by forming a combination of planar beams that
yield a narrower planar beam. Alternatively or additionally,
combinations of a plurality of lights sources can permit
pump-probe 1maging similar to stimulated Raman scattering
(SRS) imaging and/or coherent anti-Stokes Raman scatter-
ing (CARS) imaging.

Other optics and/or components for the beam condition-
ing module 120 1n addition to those specifically discussed
above are also possible 1n any of the embodiments. Although
laser sources have been described herein, any collimated
light source (or light source capable of being collimated) or
combination of light sources, for example, pulsed or con-
tinuous wave, can be used. In embodiments, a regenerative
amplifier can be used to generate the primary illumination
from source 122.

The input 1llumination 134 can be provided to a scanning,
module 116 of the second module 103. The scanning module
116 may include one or more optics and/or components for
redirecting the input illumination 134 toward the subject 106
and to eflect scanning of the resulting planar 1llumination
beam within the subject. For example, the scanning module
103 may include one or more reflective elements (e.g., a
movable mirror mounted on a galvanometer) to vary the
optical path of the input 1llumination 134. After redirection
by the scanning module 103, the 1llumination can proceed to
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a separation module 112, where light to be directed to the
subject 1s separated from any detection light returning from
the subject.

In some embodiments, the separation module 112 com-
prises one or more optical components for distinguishing
between 1llumination and detection light. For example, the
separation module 112 may 1nclude a wavelength selective
beamsplitter (e.g., a dichroic mirror/filter or a dielectric
mirror/filter) or a polarization selective beamsplitter so as to
direct the illumination and detection light along separate
optical pathways. In other embodiments, the separation
module 112 comprises an arrangement of optics or compo-
nents of other modules within system 100 that act to
physically separate the illumination and detection light
without use of a beamsplitter. Although the separation
module 112 has been illustrated in FIG. 1 as after the
scanning module 116 along the mput light path, it 1s also
contemplated that the separation module 112, or components
thereol, can be before the scanning module 116 (and/or after
de-scanning module 118 along the detected light path).

Proceeding from the scanning 116 and separation 112
modules, the input planar illumination beam proceeds to an
optional telescope module 110, which may include one or
more optics or components that form a telescope for imaging,
the mput 1llumination onto a back aperture (or a back input
plane, which may be different than the back aperture) of the
focusing module 108. For example, the optional telescope
module 110 can image the mnput illumination onto a plane
that 1s stationary at some point relative to the objective, e.g.,
the back aperture, the back focal plane, or any other point
depending on the desired scan pattern. Such a configuration
may be advantageous 1n minimizing, or at least reducing, the
amount light lost during a scan. Alternatively or additionally,
the optional telescope module 110 can magnify the location
of the mcoming illumination onto the edge of the back
aperture of the objective (e.g., of focusing module 108)
versus the size of the scanning mirror (e.g., ol scanning
module 116) so that a smaller scanning mirror can be used
relative to the back aperture. Similar features as a result of
the magnification provided by the telescope module 110
could apply to any de-scanning mirror (e.g., of de-scanning
module 118) for the detected light 138 as well. When the
optional telescope module 110 1s provided, 1t may include,
for example, a pair of lenses disposed along the optical path.

The focusing module 108 (for example, objective lenses
or other reflective, diffractive, or refractive focusing optical
components) receives the mput 1llumination from the tele-
scope module 110 and focuses the 1llumination 1nto a planar
beam 137 at an oblique angle (1.e., with respect to an optical
axis ol the objective lens) within the subject 106 (or alter-
natively aligned with the axis—mnot shown—such that mul-
tiple depths within the subject are 1lluminated). The focusing,
module 108 can also serve to recerve light 138 from the
subject 106, for example, using the same objective lens used
for forming the mput planar illumination beam 137. The
system 100 can be configured such that during the scanning
and detection, components of the focusing module 108 and
the subject 106 (or at least the 1maging volume, for example,
when the subject 1s moving mdependently of the imaging
volume) can remain substantially stationary.

The light 138 from the subject 106 can be directed via the
focusing module 108 through many of the same, or similar,
modules of the second module 103 en route to the detection
module 104. For example, the focusing module 108 can
direct the light 138 to the telescope module 110, where 1t 1s
processed by the same telescope lens grouping that imaged
the 1nput 1llumination onto the focusing module 108. The
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light 138 can be separated by separation module 112 (e.g.,
either specific optics or components for separation or by
appropriate arrangement of input and output light paths) and
de-scanned by de-scanning module 118. Alternatively, as
noted above, the de-scanning by the de-scanning module
118 may occur prior to separation by separation module 112.

The de-scanming by module 118 can maintain a stationary
detection plane of the imaging module 132 corresponding to
the plane 1n the subject 1lluminated by the input 1llumination,
despite the scanning motion of the illumination. The de-
scanning module 118 may include one or more optics and/or
components for redirecting the light from the subject. The
re-directing by the de-scanning module 118 can be synchro-
nized with the redirecting by the scanning module 116, such
that the detected plane 1maged by the system 100 corre-
sponds to the plane illuminated by the system 100. In some
embodiments, the scanming module 116 and the de-scanning
module 118 share some of the same components (1.€.,
comprise a scan/de-scan module 114). In such embodiments,
the scanning/de-scanning can be performed by the same
mirror. In other embodiments, the scanning module 116 and
the de-scanning module 118 use only separate components
(e.g., employ mndependent mirrors). In such embodiments,
the scanning can be performed by a first mirror separate
from a second mirror that does the de-scanning, although the
motions of the mirrors may be coordinated to maintain the
desired correspondence between illuminated plane and
detected light.

In some embodiments, the scan/de-scan module 114 com-
prises one or more reflective surface, such as tilting mac-
roscale mirrors or facets of polygonal mirror. However,
other retlective, diffractive, or refractive optical components
for eflective scanning/de-scanning are also possible accord-
ing to one or more contemplated embodiments. For
example, the scanning/de-scanning can be provided by other
macroscale optical components, such as deformable mirrors
or SLM, or microscale optical components, such as MEMS
mirrors and digital light processors (DLP).

The resulting detected light 135 from the second module
103 can be received by the detection module 104 for turther
optical processing and 1imaging. For example, the detection
module 104 may include an image-forming module 126, an
optional field rotation module 128, an 1mage conditioning
module 130, and an 1maging module 132. The i1mage-
forming module 126 can be designed to form an 1mage of the
illuminated plane and/or to compensate for aberrations (e.g.,
any aberrations that may be introduced the second module
103). Thus, the image-forming module 126 may include
optics and/or components similar or identical to the optics
and/or components of the optional telescope module 110 and
the focusing module 108.

In one or more embodiments, the optics and/or compo-
nents of the image-forming module 126 and the focusing
module 108 can have respective magnifications selected to
dictate the angle of the intermediate 1mage plane formed by
the 1maging forming module 126. For example, by selecting
the respective magnifications to produce an overall 1x
magnification at the intermediate image (and taking into
account any immersion medium for the objective lenses of
the modules 108, 126), the angle of the mntermediate 1image
plane can be the same as the 1lluminated plane in the subject,
1.e., with zero rotation. Changing the respective magnifica-
tions to produce overall magnifications different than 1x can
change the resulting image plane angle and may introduce
aberrations. Thus, the image-forming module 126, in com-
bination with the focusing module 108 and the optional
telescope module 112, can be designed to produce an image
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of the 1lluminated plane in the subject 106 at or near unity
magnification. Other magnifications other than 1x are also
possible according to one or more contemplated embodi-
ments, for example, to rotate the image plane to increase
light capture or for any other purpose.

The resulting image produced by the image-forming
module 126 1s at an oblique angle with respect to the optical
axis. If imaging was performed with the detection plane of
the detector to the optical axis, the light will form an 1image
of the 1lluminated plane that i1s blurred above and below the
focal plane of the focusing module 108 (e.g., the primary
objective) due to the oblique angle of the image. In some
embodiments, this blurring may acceptable and/or be
addressed by rotating the detection plane of the detector to
match or be near the image plane. In other embodiments, an
optional field rotation module 128 can be used to re-orient
this image plane. For example, the field rotation module 128
can use one or more optical components to rotate the image
plane fully or partially to allow the image to coincide with
a detection plane of the detector while maintaining the
whole 1image (and thus all depths) 1n focus. Other configu-
rations of the field rotation module 128 can address the
depth-resolved image formation without actual rotation of
the 1mage plane and are discussed in further detail below.

Before, within, or after field rotation module 128 (or when
field rotation module 128 1s not provided, before, within, or
after 1mage-forming module 126), an 1mage conditioning
module 130 with one or more optics and/or components can
be provided for conditioning the detected light (1.e., adjust-
ing position, magnification, and/or angle of the image plane)
for final detection by an imaging module 132, which may be
a single detection eclement (e.g., a photomultiplier tube
(PMT)), a linear array (e.g., a linear detector array or a linear
array of PMTs), or a two-dimensional array (e.g., a CCD
camera). For example, the image-forming module 130 may
include optics or components for shaping the detected light
or adjusting numerical aperture (e.g., adjustable apertures or
irises), for wavelength selection (e.g., an emission filter or
multi-color 1maging components), and/or for 1mage
enhancement (e.g., image tensification or variable magni-
tude adjustment). Alternatively or additionally, the image
conditioning module 130 may include optics and/or com-
ponents for directing the light output by the field rotation
module 128 (or the image-forming module 126) to the
imaging module 132, for example, by focusing the output
light onto an mput plane of the imaging module 132.

Alternatively or additionally, the 1mage conditioning
module 130 and/or the image-forming module 126 may
include one or more field lenses (not shown, but could be
disposed at or near intermediate image planes), one or more
wedge elements, and/or one or more reflective, refractive, or
diffractive elements (e.g., mirror or spatial light modulator)
to improve light collection and 1image formation. Rotation of
the 1mage by field rotation module 128 can result 1n loss of
light due to the directionality of the light forming an
intermediate 1image and the numerical aperture of the objec-
tive lens imaging the image. The field lenses can redirect this
light without altering 1ts focal plane. In an example, a field
lens can be positioned at the focal plane of a relay lens set
of the field rotation module.

Moreover, various combinations of lenses and glass ele-
ments, for example, incorporating combinations of concave
and convex lenses 1 the image conditioning module 130 can
be used to improve aberrations, change magnification, and/
or improve through-put according to one or more contems-
plated embodiments. For example, the image conditioning,
module 130 can produce a magnification different from
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unity, even when the magnification produced by the com-
bination of the second module 103 and the image-forming
module 126 produce a depth-resolved image with a magni-
fication at or near 1x. In particular, the 1mage conditioning
module 130 (together with optional field rotation module
128) can magnily the intermediate 1x i1mage so that the
desired resolution in the final 1image corresponds to the size
of individual pixels of the detector.

The image conditioning module 130 can also use other
optics or components, such as, but not limited to mirrors and
mirror combinations, prisms, gratings, deformable mirrors,
and spatial light modulators (SLMs) that can redirect light to
form an image at a specified position and orientation.
Alternatively or additionally, the image-forming module 130
may include one or more zoom lens modules (not shown).
The zoom lens module can also allow alteration of the
magnification of the detection module 104, for example, to
match the pixel size of the detector of the imaging module
132 to image at a desired resolution. The zoom lens module
or an electric lens may able so used to accommodate changes
to the primary objective of the focusing module 108, for
example, to change magnification. In such a configuration,
the zoom lens module or electric lens can compensate for
different back apertures (or back focal plane characteristics)
by moving the position of the input illumination thereon.
Alternatively or additionally, the position of the mput illu-
mination on the back aperture can be changed by translating
the beam on the scanning mirror (e.g., of scanning module
116).

The 1mmaging conditioning module 130 can also include,
for example, a displaceable component that changes objec-
tives (e.g., an objective of the optional field rotation module
128) to change between diflerent desired magnifications.
Thus, instead of changing the primary objective at the
subject (e.g., an objective of the focusing module 108), the
magnification of the final 1mage can be changed by simply
actuating the displaceable component (e.g., a turret of objec-
tives with diflerent magnifications) to select between difler-
ent objectives. In such a configuration, the magnification of
the 1mage-forming module 126 can be changed in a corre-
sponding manner, for example, to maintain the condition of
the magnification being at or near unity, as described above.

The 1maging module 132 may include various types of
detecting elements and/or configurations according to one or
more contemplated embodiments. In some embodiments,
the 1imaging module 132 may include a high-speed (e.g., at
least 1 MHz pixel rate, for example, 300 MHz) camera with
a two-dimensional detecting element array, such as a CMOS
imager, sSCMOS 1mager, or CCD 1mager. Alternatively or
additionally, the 1imaging module 132 may include a linear
array ol detecting elements. In some embodiments, the
imaging module 132 may include a linear or two-dimen-
sional array of high-sensitivity detecting elements, such as
photomultiplier tubes, avalanche photodiodes, or single-
photon avalanche diodes. Alternatively or additionally, the
imaging module 132 may include one or more waveguides
(e.g., optical fibers) or conduits that direct light to a series of
individual detectors or an array of detector elements.

A control module 150 can be provided for processing
images detected by the imaging module 132 and/or coordi-
nating operation of the system 100. For example, control
module 150 can control illumination module 102 to form the
input 1llumination 134, such as by scanning a beam from a
laser or by controlling a spatial light modulator (SLM).
Alternatively or additionally, control module 150 can con-
trol the timing of illumination from or selection of wave-
lengths in the illumination module 102, for example, to
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modulate the i1llumination to form structured illumination.
Alternatively or additionally, control module 150 can con-
trol the scanning module 116 to effect scanning of the planar
illumination beam within the subject. The control module
150 can also control de-scanning module 118 to synchronize
the de-scanning of the detected light 138. Alternatively, the
scanning module 116 and the de-scanning module 118 can
be the same (e.g., scan/de-scan module 114) and the control
module 150 can control the module 114 to provide simul-
taneous scanning and de-scanning.

In one or more contemplated embodiments, the control
module 150 can be configured to move the subject 106 (e.g.,
via a motorized stage) and/or the focusing module 108 (e.g.,
a primary objective lens). In such a configuration, the
subject 106 may be sequentially i1lluminated from multiple
directions or sides to provide more 1sotropic resolution.

The control module 150 can be further configured to
construct one or more 1mages (e€.g., a 2-D 1image or com-
bining multiple 2-D images into a 3-D 1image) based on the
detected light by imaging module 132 and the angles of the
scanning 116 and de-scanning 118 modules during the
corresponding detection. Alternatively or additionally, the
control module 150 can correct for the real position of the
illumination planar beam 137 within the subject. For
example, the control module 150 could use teedback signals
from the scanning 116 and the de-scanning 118 to determine
actual angles and positions of the illuminated and detected
light, as well as models of the optics and/or components of
the system 100. Alternatively or additionally, the control
module 150 can be configured to control system 100 to
perform 2-photon 1maging, optical coherence tomography
(OCT), structured illumination imaging, stimulated emis-
sion depletion, or any other imaging modality.

The control module 150 can also be configured to further
process the images. In particular, the control module 150 can
apply many different analysis and 1mage correction strate-
gies to improve resolution, contrast, and spatial linearity, for
example. In one or more embodiments, the 1maging geom-
etry (including optics and components of the various mod-
ules of the first through third modules 102-104) can be
modeled to map detecting elements (e.g., pixels of a camera)
detected during a scan to 3-D Cartesian space at the object
plane. This model can be stored by the control module 150
and used to generate predicted spatially-varying point spread
tunctions (PSF) for full deconvolution of the resulting data,
which can improve resolution and sectioning of the resulting
images. Alternatively or additionally, the PSF can be esti-
mated from a data set or form calibration using a standard
(e.g., a phantom with fluorescent beads) or estimated using
an automated algorithm. Estimating the PSF can occur
betore or after the conversion to Cartesian space. Deconvo-
lution by the control module 150 may be applied before
lateral shift adjustment or after lateral shift adjustment,
described below.

Alternatively or additionally, radiative transport-type
models of light propagation could be stored by the control
module 150 and used to further correct for the eflects of
scattering of light (e.g., 1llumination planar beam 137 and/or
detection light 138) to reconstruct a corrected 1mage, similar
to laminar optical tomography (LOT) or diffuse optical
tomography.

Alternatively or additionally, the control module 150 can
also be configured to manipulate 1mages, for example, by
applying a lateral shift adjustment to each image 1n com-
piling a 3-D model of the subject 106. Because of the angle
of 1llumination, stacking acquired images into a simple cube
does not correct for skew. In other words, each depth layer
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acquired at a single scan position of i1llumination planar
beam 137 1s laterally shifted with respect to the one above,
which shift 1s dependent on the angle of the i1llumination
planar beam 137 with respect to the optical axis 139. The
control system 150 can account for this skew by laterally
shifting each layer, for example, 1n one or more dimensions,
optionally with interpolation for non-integer shifts. The
amount of shift may be determined by simulation, estima-
tion from resulting images, and/or calibration using an
object, and stored by control module 150. In embodiments,
the reshaping of the tilted image mto Cartesian coordinates
can be model-based or approximated by applying the lateral
shift adjustment.

Alternatively or additionally, the control module 150 can
be configured to employ difluse background subtraction. To
compensate for any undesired scattering, the system 100 can
employ, for example, two-photon 1maging (e.g., using lon-
ger wavelength excitation that reduces scattering of the
excitation light and which produces a narrower planar beam
because of the non-linearity of the two-photon eflect),
structured 1llumination (e.g., by appropriate manipulation of
the primary illumination source 122 and resulting detection
schema), stimulated emission depletion (STED) imaging
(e.g., by selectively deactivating fluorophores in specific
regions while leaving a central focal spot active to emit
fluorescence 1n the subject), HiLo imaging (e.g., by acquir-
ing sequential images with uniform and structured i1llumi-
nation and synthesizing a single 1image by fusing high and
low spatial frequency information from both 1mages), high-
pass filtering (e.g., to accentuate higher resolution struc-
tures), low-pass filtering (e.g., to subtract low pass filtered
data from the 1mage to accentuate higher resolution struc-
tures), spatio-temporal recogmtion (e.g., by distinguishing
teatures that have a distinct pattern of temporal fluctuations,
similar to photoactivated localization microscopy (PALM)
to stochastic optical reconstruction microscopy (STORM)),
mathematical correction by extracting dynamic changes in
the 1mages and/or mathematical correction using diffuse
background subtraction. For example, the control module
150 can identily common patterns in each sequential image
obtained, which common pattern may shiit laterally during
a scan. The common pattern can be shifted, scaled, and
subtracted from each image (e.g., subsequently obtained
images) to 1solate the differences between each measure-
ment which correspond to the selectively subject plane.

In some embodiments, system 100 can be provided with
an optional secondary illumination source 124. For example,
the secondary illumination source 124 may be used to
provide photo-mamipulation, stimulated emission-depletion
(STED), or any other desired eflect on the subject indepen-
dent of or 1 conjunction with light from the primary
illumination source 122. Other optics or components (not
shown) can be provided with the secondary illumination
source 124 to manipulate light (e.g., beam steering or
shaping) from the source 124 to provide the desired 1llumi-
nation eflect. For example, the secondary illumination
source 124 can be provided with a spatial light modulator
(SLM), beam steering mirrors or optics, acousto-optic
deflectors, phase plates, adaptive optics, or any other optical
components to achieve the desired effect. Control module
150 can also control operation of secondary illumination
source 124 in conjunction with the other modules 102-104
of system 100.

In some configurations (e.g., a photo-manipulation con-
figuration), the secondary illumination from source 124 may
be provided directly to the focusing module 108 (e.g., along
beam path 136a) for wrradiating the subject 106, thereby
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bypassing other modules of the second module 103. Photo-
manipulation light can be generated by any beam-shaping
optical components, from simply focusing laser light at the
focusing module’s focal plane, to scanning with galvanom-
eter mirrors, acousto-optic scanners, MEMs scanners, DLP
devices or SLMs. For example, SLMs can be used to
generate arbitrary 3-D patterns of photo-manipulation,
which can be dynamically altered during imaging. Photo-
manipulation may include, but 1s not limited to, optogenetic
excitation or 1hibition of cells, optical tweezing, photoco-
agulation, photobleaching, optically induced cell death or
impairment (1.¢., photothrombosis), optical cavitation for the
photo-release from micro or nanoparticles, photo-uncaging,
burning, reactive oxygen species generation, or any other
manipulation using electromagnetic radiation.

Alternatively or additionally, the secondary 1llumination
from source 124 may propagate along a fully or partially
identical path or adjacent path through the second module
103 to that of the primary illumination. For example, 1n a
STED configuration, the secondary i1llumination from source
124 can be directed along path 1365 to an input end of the
second module 103 and proceed to the subject 106 along a
similar beam path as the input planar illumination beam 134.
STED 1s a super-resolution technique that employs stimu-
lated emission depletion to reduce the size of a difiraction
limited spot or plane. In embodiments, STED can be
achieved by aligning the secondary light source 124 to
produce beams surrounding, bounding, or adjacent to the
primary 1llumination. Thus, for point scanning, an annular
beam spot of secondary illumination may be produced
around the focal point of the primary illumination. For lines
scanning, a stretched annular shape of secondary illumina-
tion can be provided around the primary line i1llumination.
For planar beam scanning, two planar beams of secondary
illumination can be provided on sides of the primary 1llu-
mination planar illumination beam. Other configurations for
primary and secondary illumination are also possible
according to one or more contemplated embodiments. Con-
figurations and use of the secondary illumination source
other than for photo-manipulation and STED are also pos-
sible according to one or more contemplated embodiments.

Although certain features have been illustrated 1n FIG. 1,
it will be appreciated that additional features could be added
to those specifically illustrated, according to one or more
contemplated embodiments. In addition, 1t will be further
appreciated that certain features can be omitted, replaced, or
revised according to one or more contemplated embodi-
ments. While a specific order and configuration of features
has been 1llustrated in FI1G. 1, embodiments of the disclosed
subject matter are not limited thereto. Rather, features may
be re-ordered to achieve diflerent configurations according,
to one or more contemplated embodiments. For example, the
scanning 116 and de-scanning 118 modules may be posi-
tioned 1n the optical path between the separation module 112
and the telescope module 110, rather than between the
1llumination 102 and detection 104 modules and the sepa-
ration module 112 as presently illustrated 1n FIG. 1. Other
re-arrangements and re-configurations of features and mod-
ules illustrated in FIG. 1 would be apparent to one of
ordinary skill in the art and fall within the scope of the
present disclosure.

Moreover, system 100 can be embodied 1n many diflerent
configurations according to respective embodiments. For
example, system 100 may be configured as a microscopy
system, where focusing module 108 provides one or more
microscope objectives for imaging a subject 106 held by a
microscope stage. In another example, system 100 can be
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configured as a macroscopic (i1.e., without magnification)
imaging system, where focusing module 108 provides one
or more high numerical aperture focusing lenses for imaging
a subject. In still another example, system 100 can be
miniaturized (e.g., by employing microfabricated compo-
nents, for example using microelectromechanical systems
(MEMS) devices and/or minmiaturized imagers (e.g., semi-
conductor-chip 1magers) and/or minmiaturized light sources
(e.g., laser diodes or light-emitting diodes (LEDS)) for
certain applications. For example, optical components may
be included 1n an endoscope for imaging structures internal
to an organism, where light acquired by the system 1s
processed by a detector within the endoscope or guided to a
remote detector (such as PMT array) by, for example, one or
more optical fibers.

In one or more embodiments, a linear detector can be used
to perform the depth-resolved imaging. In such configura-
tions, a line beam (narrow beam) can be scanned rather than
scanning of a planar beam. Such a configuration 1s illustrated
in FIG. 2 and may especially useful for 2-photon 1maging,
for example. An excitation light source 202 (e.g., a pulsed
near inirared laser source) generates an excitation beam 201,
that can pass through an aperture 204 and be incident on a
first scanming mirror 206 after passing through a dichroic
beam splitter 208. The first scanning mirror 206 can be
configured to sweep 1n a lateral Y-dimension. The resulting
illumination line can be directed to a second scanning mirror
210. The second scanning mirror 210 can be configured to
sweep the 1llumination 1n a scan dimension (e.g., 1n the X-Z
plane). The resulting scanned beam can be mapped onto the
back focal plane of objective lens 216 by a telescope formed
by lenses 212, 214 and focused into the subject to form
illumination beam 220. Emission light 222 (e.g., fluores-
cence 1n the range of 400-500 nm generated by excitation of
fluorophores within the subject by 2 or more photons) can be
captured by the objective lens 216 and mapped onto the
second scanning mirror 210 by the telescope formed by
lenses 212, 214. The scanning mirrors 210 and 206 de-scan
the emission light and directs 1t to beam splitter 208.

After de-scanning by the mirrors 206 and 210, image light
1s retlected by the beam splitter 208 and the detected light 1s
then mapped by another telescope formed by lenses 224, 226
onto an 1maging objective lens 228 to form an intermediate
image plane 230 forming an angle with the optical axis,
similar to other embodiments described above. The inter-
mediate 1mage plane 230 can then be focused (and/or
filtered, e.g., by emission filter 236) onto the pixels of linear
detector 240 by lens 232 and lens 238. Note that 1n contrast
to some of the above described embodiments, the detector
240 15 a linear detector array rather than a two-dimensional
imaging array. In this case, the image at the intermediate
image plane 230 1s a linear map of the diagonal 1llumination
beam 220 1n the Z-X plane where 2-photon emission light
222 1s captured by the objective lens 216. The scannming and
de-scanning by the mirrors 206 and 210 traverse the volume
of the subject region. In some embodiments, the linear
detector 240 1s an array of photomultiplier tube elements. In
some embodiments, the linear detector 240 1s an array of
photodiodes. The signal generated by each element of the
linear detector 240 corresponds to a depth within the subject
for a given line scan.

FIG. 3 shows another embodiment of an 1maging system
that scans a line (which penetrates the sample in the depth
direction) and descans to achieve depth-resolved point mea-
surements of returned light from the scanned line with the
point measurements taken many-at-time by multiple photo-
multiplier cells of a linear array 392 with various features for
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high frame rate and high sensitivity. A laser 300 generates a
pulsed beam of near infrared (NIR) light that 1s guided by
mirrors 315 through a dichroic beam splitter 320 so that 1t 1s
scanned by a galvo mirror pair 325a. Galvo mirror pair 325qa
operates to sweep a resulting pencil beam 342a 1n a sample
345 side to side as well as toward and away from the primary
objective optical axis to sweep through a volume in the
sample. Thus, the first direction of sweep 1s out of the plane
of the drawing. Note that in alternative embodiments,
instead of using a galvo mirror pair 3234, a single galvo
mirror capable of moving in two different axes can be used.
The NIR pencil beam 342a excites 2 photon fluorescence
(e.g., green light) 1n the sample 345.

A high bandwidth linear detector array 392 such as one
with photomultiplier elements (for example ten elements)
receives the depth resolved light as the pencil beam 1s
scanned and de-scanned by the galvo-mirror pair 325a. The
image 1s captured with first objective 340 and lenses 332 and
331 via the galvo-mirror pair 325a, which descans the image
maintaining the line of 1lluminated levels 1n the sample on
the high bandwidth linear detector array 392. Further lenses
351 and 355 1n combination with a second objective 360
form an mtermediate 1mage plane 370 which 1s imaged by
a third objective 380 and projected by lens 382 onto the high
bandwidth linear detector array 392 after passing through a
filter 381 that passes the shorter wavelength (e.g., green) and
blocks the excitation light (e.g., NIR).

Although one mechanism for image rotation 1s shown,
any of the mechanisms described herein may be used
instead. Each detector of the high bandwidth linear detector
array 392 receives light from a different depth 1n the sample.
Each may be processed by separate signal channels clocked
in parallel to increase throughput and scanning speed. In
addition, independently selected gain may be provided to
permit optimization of the varying luminance receirved for
cach depth for the full linear depth-resolved “image.” That
1s, light from deeper depths has a lower intensity and
therefor may be compensated at a higher gain than light from
shallower depths.

FIG. 4 depicts another embodiment that 1s similar to the
FIG. 3 embodiment, but adds beam shaping. In this embodi-
ment, light source 400 generates an output beam of light. In
some preferred embodiments, the light source 400 1s a
pulsed near infrared (NIR) laser. Pulsing 1s advantageous in
the context of two photon systems because 1t 1increases the
probability of a two photon interaction with a fluorophore in
the sample. And NIR 1s preferable to shorter wavelengths of
light because the depth of penetration of NIR 1s deeper than
visible wavelengths. In some embodiments, the wavelength
of the light that 1s used for excitation 1s at least 1 um (e.g.,
1.3 or 1.6 um). However, 1n alternative embodiments, light
with a wavelength of at least 620 nm may also be used.

The output of the pulsed NIR laser 400 1s routed through
beam shaping optics 410. The beam shaping optics 410
shapes the output beam generated by the light source 400
into a Bessel beam shaped beam of excitation light. Any of
a variety ol approaches for generating a Bessel beam shaped
beam of excitation light may be used. For example, 1n some
embodiments, the beam shaping optics could generate a
Bessel-Gauss beam by focusing a Gaussian beam using an
axicon lens. In other embodiments, the beam shaping optics
could operate using an alternative approach (e.g., using
axisymmetric diflraction gratings, by using a static phase
plate or an SLM, or by placing a narrow annular aperture in
the far field.)

A wide variety of alternative approaches for shaping the
output beam of the light source 400 into a Bessel beam
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shaped beam of excitation light can be readily envisioned by
persons skilled in the relevant arts. For example, a phase
modulator (e.g., an SLM) and a Fourier transforming lens
may be used to generate an annular beam profile; followed
by a spatial filter to clean the annular beam profile at the
Fourier plane. Subsequently, the light 1s passed through a
telescope (e.g., formed by two convex lenses) that images
the annulus (via intermediate components) onto the scanning
element 425 described below. In these embodiments, a
decentered annulus 1s ultimately imaged to the back focal
plane of the first objective to tilt the emerging beam 440.

The beam of excitation light that was shaped by the beam
shaping optics 410 enters a beam splitter 420 (e.g., a
dichroic beam splitter), and the incoming beam of light 1s
reflected by the beam splitter 420 towards a scanning
clement 425. The scanning element 4235 scans the beam of
excitation light and also reroutes that beam into the excita-
tion arm. In some embodiments, the scanning element 4235
comprises a rapidly moving galvanometer mirror with two
degrees of freedom that provides XY scanning. In alterna-
tive embodiments, the scanning element 425 could be imple-
mented using a rapidly moving prism or any of a variety of
alternative designs including MEMS light guides, SLMs,
etc., that will be apparent to persons skilled 1n the relevant
arts. In alternative embodiments, instead of using a single
galvanometer mirror or a single prism that moves with two
degrees of freedom, a pair of galvanometer mirrors or a pair
of prisms (each of which moves with a single degree of
freedom) may be combined to achieve similar results.

After being rerouted by the scanning element 425, the
beam of light continues down the excitation arm in a
proximal to distal direction through a first set of optical
components (e.g., lenses 431, 432 and first objective 440).
The beam of light then enters the tissue sample 443 at an
oblique angle to penetrate the tissue sample along the Z axis,
resulting in a beam of light 442. When the scanning element
425 moves (e.g., due to motion of the scanning clement
4235), 1t causes the position of the beam of light 442 within
the sample to translate. Thus, the position of the beam of
excitation light within the sample varies depending on the
ortentation of the scanning eclement 425. The scanning
clement 425 provides two dimensional scanning of light,
and the orientation of the scanning element 425 1s controlled
to cause the position of the line-shaped beam of excitation
light to sweep out a three dimensional volume within the
sample 445 (with the depth direction provided by the
propagation ol the line-shaped beam of excitation light 442
through the sample).

In some embodiments, the position of the beam waist may
be swept up and down to 1ncrease the range of the narrowest
part of the beam. This can be done synchronized to detection
to give even better sectioning, or done fast enough to
average the eflect over time. Electrically tunable lenses may
be used for this to alter the divergence of the beam and thus
the focal depth (beam waist position).

A beam composed of a number of axially positioned
Bessel beams (or similar) e.g., one shallow, one middle and
one deep could give better resolution performance than one
long one. This may be accomplished using an SLM or more
than one SLM and then merging the input beams to generate
one long, thinner beam. The Bessel pattern may be generated
using an SLM, that beam can then be split, divergence
introduced into one or more of the beams, and then the
beams can be re-merged.

The line-shaped beam of excitation light 442 excites
2-photon fluorescence in the sample 445, and the fluores-
cence originating from the illuminated region 1s 1maged.
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Notably, the wavelength of the detection light will be shorter
than the wavelength of the excitation light due to the nature
of 2-photon fluorescence. This could also generate second
harmonic generation light, light from up-conversion (e.g.
from lanthanide-based nanoparticles which can have non-
linear excitation properties even with CW light sources) or
Raman-scattering related interactions. Image contrast can be
provided by itrinsic fluorescence, or through introduction
of fluorescent markers, beads, dyes, and other substances.

The path of the detection light from the sample to the
detector first passes through the first set of optical compo-
nents 431-440 1n a distal to proximal direction and back to
the scanning element 425. From there, the detection light
passes through the dichroic beam splitter 420 and into the
detection arm. The detection arm includes a second set of
optical components (e.g., lenses 451, 455 and second objec-
tive 460). The detection light passes through these compo-
nents 451-460 1n a proximal to distal direction and forms an
intermediate 1mage plane 470. (This mtermediate 1mage
plane 470 1s a one-dimensional analog to the intermediate
image planes that are generated when a sheet of light i1s
scanned through the sample 1n alternative embodiments of
SCAPE.) Note that in these embodiments, an intermediate
image plane 1s formed (as opposed to an intermediate image
plane) because a line of excitation light 1s being projected
into the sample (as opposed to a plane of excitation light)
and descanning of the beam’s motion 1s occurring in both x
and v dimensions. Because the beam of excitation light 442
entered the sample at an oblique angle, the intermediate
image plane corresponding to the section of the sample
illuminated by the light beam 442 will be tilted with respect
to the optical axis of lenses 451, 455. One of the advantages
of this configuration 1s that the position of the intermediate
image plane 470 remains stationary, regardless of changes 1n
the position of the beam of excitation light 442 within the
sample.

In some embodiments, the first set of optical components
431-440 in the excitation arm matches the second set of
optical components 451-460 1n the detection arm. The same
scanning element 425 1s used 1n both the excitation path and
the detection path. In other embodiments, objectives with
different immersion media can be accommodated by adjust-
ing the magnification 1n each arm to generate magnification
equal to the ratio of the refractive mndex of the sample
immersion medium divided by the refractive mdex of the
medium at the mtermediate 1mage plane. These configura-
tions are advantageous because they cancel out certain
optical distortions that are diflicult to cancel using alterna-
tive approaches. For example, 11 the condition 1s not met
because the magnification of the second set of optical
components 451-460 1n the detection arm 1s much higher
than the magnification of the first set of optical components
431-440 1n the excitation arm, the image that appears at the
tilted mtermediate 1mage plane 470 will be distorted. In
some situations, however, this distortion may be acceptable
or even desirable (e.g., when the differences in magnification
are used to reduce the angle of the tilted intermediate 1mage
plane). For example, 1n the case of the linear excitation
beam, this distortion may be tolerable because the x and vy
resolution of the image 1s primarily governed by the quality
of the two-photon excitation beam at the sample. The only
part that will be aflected 1s the axial sampling (since that waill
overlap between layers). However, 11 the number of depth
planes 1s relatively small compared to conventional SCAPE
(e.g. 1 we have 30 micron eflective plane thickness rather
than the more usual 1-2 micron) this effect could be 1nsig-
nificant. A benefit of doing this would be to capture more
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light (for higher eflective magnification), or to be able to
accommodate a detector with larger elements than the
desired sample density (e.g. for direct-detection at the inter-
mediate image plane, as described below 1n connection with
FIGS. 5A-5B).

In some preferred embodiments, each of the lenses 431 1s
a =50 mm spherical doublet; each of the lenses 432 1s a

=150 mm spherical doublet; 451 1s 1=60 mm and 455 1is
=150 mm the first objective 440 1s a 20x, NA=1 water
immersion objective with an effective focal length of 9 mm;
the second objective 460 1s a 20x, NA=0.75 air objective
with an eflective focal length of 10; the third objective 480
can vary to give the desired magnification for the chosen
detector. The beam splitter 420 1s a 710 nm short-pass
dichroic mirror. In alternative embodiments, a Plossl lenses
may be used 1n place of a single lens to obtain an effective
50 mm focal length. In some embodiments, elliptical mirrors
may be used 1n place of lenses. Optionally, pre-conditioning
may be 1mncluded to account for different beam diameters of
pulsed lasers.

In order to capture the image that appears at the tilted
intermediate 1mage plane 470, a variety of approaches may
be used. In the FIG. 4 embodiment, a linear detector 490 1s
situated at a location that 1s remote from the intermediate
image plane and optical components are used to (a) route
light from the intermediate 1mage plane 470 to the linear
array 490 and (b) provide magnification. More specifically,
the optical components 480, 482 act as a magmfier that
expands the image and routes 1t to the linear light detector
array 490. This magmfier includes a third objective 480 and
additional optical components (e.g., lens 482). Optionally, a
short pass filter 481 may be included somewhere 1n the
optical path between the scanming element 425 and the linear
detector 490. This short pass filter 481 blocks light at the
wavelength of the excitation light (e.g., NIR light) but passes
light at the wavelength of the fluorescence (e.g., green light).
Optionally, an 1mage splitter may be included for dual-color
detection, either by placing the images side by side along the
linear array, or by using two arrays. In some embodiments,
a grating or prism could be used as an alternative image
splitter. In some embodiments, a steerable filter or a grating/
prism combined with another mirror to sequentially direct
light of different emission wavelengths to the linear array
may be used. In some embodiments, filters (e.g., arranged in
a filter wheel) may be sequentially introduced to see difler-
ent wavelengths 1n turn.

The linear light detector array 490 captures 1images of the
tilted intermediate 1mage plane 470. The linear light detector
array 490 includes a plurality of light detecting elements,
and each of the light detecting elements 1s sensitive to the
fluorescence wavelength. At any given instant, the linear
light detector array will capture an 1mage of an entire line
(which corresponds to multiple depths within the sample)
simultaneously. Due to the movement of the line within the
sample caused by the motion of the scanning element 425,
and the linear array 490 sequentially captures a plurality of
fluorescence-wavelength 1images of the intermediate 1mage
plane, each of which corresponds to a different orientation of
the scanning element 425.

The 1mages captured by the detector 490 arrive at the
image processor/controller 492, which processes those
images using any ol a variety of well known techniques. The
image processor/controller 492 also provides control func-
tions for the entire system, including the generation of
signals that control the two-dimensional pattern of the
scanning element 425. In addition, the image processor/
controller 492 receives signals from the user interface 494
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based on commands that the user interface 494 receives
from the user. The user interface 494 also provides feedback
to the user based on data that originates in the image
processor/controller 492,

In some embodiments, the linear light detector array
comprises a linear array of elements on an sCMOS camera
chip. In vanations, one may use as many depths as lateral
pixels (e.g. imaging 800 depths on a sCMOS camera).
Optionally, extra rows may be used to enable deconvolution
of the line to enhance resolution and signal to noise ratio.

In alternative embodiments, the linear light detector array
490 comprises a linear array of photodiodes. In alternative
embodiments, the linear light detector array 490 comprises
a linear array of photomultiplier tube (PMT) elements. This
may achieve higher speed readout because of the higher
sensitivity and speed of the PMT array. In alternative
embodiments, the system could also use a line of optical
fibers pigtailed to lhigh-speed detectors.

Each detector element within the linear array 490 corre-
sponds to a depth plane (or depth range) within the sample.
The sample rate would be equivalent to what 1s needed for
standard x-y scanning. PMTs allow high temporal band-
width and permuit fast readout times than typical camera-type
detector arrays. For example, with a 1 MHz pixel rate with
standard point-excitation, it 1s possible to 1mage a single
200x200 plane at 25 frames per second. By reading each of
the N detector/depth pixel out at this rate, i1t 1s possible to
image N planes 1n parallel at 25 FPS (together a volume rate
of 25 VPS). In embodiments with PMTs, even 6 detectors
(depths) would be a significant improvement over the state
of the art (e.g., point-scanning two-photon microscopy
which must scan 1 depth and concomitant slower volume
capture or shorter pixel integration time).

In this FIG. 4 embodiment (and also in the FIG. 5-7
embodiments described below), the scanning element 423
conjugate the back focal plane of the first objective 440 and
the second objective 460. An eflective excitation beam
numerical aperture (e.g., ~0.04) may be provided by this
process. The 2-photon line excitation 1s made oblique by
decentering the beam at the back focal plane of the first
objective 440. The image of the 2-photon fluorescent emis-
sion (forming a line) 1s static after the second objective 460
due to descanning by the X-Y scanning element 425; Images
are acquired by sweeping the excitation line 442 through the
sample by moving the scanning element 425 (e.g., inan X-Y
pattern or 1n a different pattern). Techniques for sweeping
the line through the sample known from standard confocal/
2-photon microscope may be used. However, in the context
of the embodiments described herein, each galvanometer
position captures multiple depths, hence a single x-y scan
pattern 1mages a volume of the sample.

In this FIG. 4 embodiment, Bessel beam excitation will
allow large depth of focus with a smaller beam waist
compared to Gaussian beam excitation, and hence improves
image resolution. Two-photon Bessel excitation also sup-
presses Bessel side lobes, enhancing x-y resolution.

An optical slit 468 may be positioned 1n the optical path
of the detection light at an 1image plane between the scanning
clement 425 and the linear array 490. Optionally, the optical
slit 468 may be switchable or adjustable. The slit 468 can
advantageously eliminate light entering the detector array
that did not directly originate from the excited line in the
tissue, thereby improving resolution. In the 1llustrated con-
figuration, the optical slit 468 1s positioned just prior to the
intermediate 1mage plane 470. But in alternative embodi-
ments, the optical slit 468 may be positioned at other points
along the optical path of the detection light between the
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scanning ¢lement 425 and the linear array 490 (e.g., between
the lenses 451 and 4355; or just prior to the linear array 490).

In alternative embodiments, instead of using a Bessel
beam shaped excitation beam, excitation beams with alter-
native shapes are used. Examples include, but are not limited
to a series of spots at different depths, custom 3-dimensional
patterns designed to provide optogenetic stimulation of
target locations (e.g., within a living organism), improve-
ments on Gaussian beams, and beams shaped to minimize
excitation at the surface etc. These alternative shapes may be
generated, for example, using an SLM. Optionally, when the
excitation beam 1s a series of spots at different depths, the
spacing of that series may be adjustable to facilitate 3-di-
mensional patterns for optogenetic stimulation.

The embodiment depicted 1n FIG. 4 relies on the third set
ol optical components 480-482 to rotate the tilted interme-
diate 1image plane 470 onto the detector 490. But because of
the optical components are positioned at a significant angle
with respect to the optical axis of the second set of optical
components 451-460 a significant amount of light 1s lost,
and never enters the third objective 480. As an alternative to
relying on the third set of optical components 480-482 for
rotation, some alternative embodiments use a phase modu-
lating element (e.g. an SLM) that 1s aligned with the optical
axis of the second set of optical components 451-460, and
position the detector beyond that phase modulating element
lined up with the same optical axis. The phase modulating
clement 1ntroduces a controlled aberration so as to homog-
enize point spread functions of points at, above, and below
the focal plane when measured at the detector. With this
configuration, the majority of the light that exits the second
set ol optical components will arrive at the detector, which
may improve the signal-to-noise ratio.

Advantageously, the FIG. 4 embodiment acquires a com-
plete line of pixels having a depth direction at any given
instant. This provides a dramatic speed advantage with
respect to competing technologies where only a single depth
can be 1maged at any given instant. This speed advantage 1s
particularly usetul for in vivo imaging, because the subject
being imaged will either be moving (e.g., in the case of the
heart) or at the very least, susceptible to movement.

Notably, because the FIG. 4 embodiment extends 1llumi-
nation 1n the axial (z) dimension, 1t requires less laser power
than competing technologies (e.g. point-scanning two-pho-
ton) by providing multiple opportunities for photons to
interact with a fluorophore, and better maintaining temporal
coherence. The FIG. 4 embodiment also provides a signifi-
cant 1mprovement over ‘axially-extended’” two-photon
approaches which use an axially-extended Bessel beam
scanned 1 x and y, acquiring the sum of the resulting
emitted light to produce a mean-intensity collapsed 2D
stack. This 1s because Sum-Bessel imaging provides no 3D
depth discrimination. In contrast, the FIG. 4 embodiment

provides true 3D depth resolved images, even 1n a densely
labeled mammalian brain.

In the FIG. 4 embodiment, complex depth encoding
strategies are not needed 1f the relative depth of signals 1s
encoded spatially. By tilting the i1llumination beam at an
oblique angle and utilizing de-scanning, these embodiments
create a stationary image of this extended beam onto a linear
detector array, even as the beam 1s scanned 1n x and y at the
sample. Notably, signals detected on one side of the linear
array will originate from deep tissue while signal on the
other side represents shallow tissue. These signals can be
read out 1n parallel, providing multi-depth 1imaging at the
same speeds as others achieve 2D planar x-y imaging. And
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no z-translation of the objective or sample, 1mage recon-
struction or unmixing 1s required to generate a full 3D
1mage.

As a result, the FIG. 4 embodiment can achieve depth-
resolved two-photon 1imaging of the brain at video rates, and
can achieve the following parameters assuming imaging of
64 depths at 10 volumes per second (VPS): x-y pixel rate (all
depths) of 1 MHz; Sample volume pixels (x-y-z) at 10 VPS
(typ) of 316x316x64; Diflraction-limited x-y resolution of
<2 microns; Sampled axial resolution of 5-20 microns;
Imaging to depths of >300 microns; and Imaging depth
range of 160-400 microns. In alternative embodiments, the
images are captured at 10 VPS at a resolution of at least
256x256x8 (1in the X, Y, and Z directions, respectively). It 1s
preferable to ensure high efliciency transmission of return-
ing light (and excitation light) in this configuration to
maximize SNR.

Unlike other embodiments of SCAPE, the FIG. 4 embodi-
ment uses an x-y scanned pencil beam of light rather than a
scanning sheet of light. There are benefits of this scanning
approach, particularly 1n the context of two-photon excita-
tion. One benefit 1s that the laser powers needed for 1llumi-
nating an axially-extended Bessel beam are much lower than
those needed to form a two-photon light sheet. Imaging at 10
Hz volume rates may be achieved using a standard two-
photon laser. In addition to °‘re-using photons’, another
advantage of 1maging all depths 1n parallel with an axially-
extended beam 1s the integration time benefit: Point-scan-
ning a 300x300x64 volume at 10 VPS would allow only 17
ns (one 80 MHz laser pulse) per pixel, while the FIG. 4
embodiment would integrate signal over 1.1 s (90 pulses)
per voxel for the same volume rate.

Another benefit 1s that the XY scanning of a pencil beam
permits the use of a Bessel beam, which has special prop-
erties including long depths of field and beam-healing that
should maximize penetration. Optionally, a spatial light
modulator (SLM) may be used to provide customized beam
shapes to provide brighter i1llumination for deeper tissues,
wavelront corrections for aberrations, and to vary focus over
different axial ranges (e.g. over a full 400 um range, or a 150
um range at a depth of 300 um). In alternative embodiments,
formation of discrete illumination points at diflerent depths
along the axial range could be used to discriminate signal
from narrower axial planes within the volume, which 1n turn
would be 1imaged to single detector elements.

Yet another benefit relates to scattering eflects. Compared
to wide-field approaches the FIG. 4 embodiment can over-
come emission-light scattering by leveraging two properties.
First, at any point 1n time, the beam 1s i1lluminating only a
narrow axial line 1n the tissue, limiting excitation only to that
line (thanks to the non-linearity of the two-photon eflect).
Thus, scattering of light emerging from the tissue will only
impact axial resolution. Second, the descanning geometry
further enables use of a slit 468, much like a confocal
pinhole, which can restrict detection of light coming from
the 1lluminated line in the tissue—an 1mprovement over
competing ‘widefield” two-photon approaches.

Yet another benefit 1s that the FIG. 4 embodiment
achieves 3D 1maging with no physical z-translation of the
objective lens or sample. No mechanical movement besides
a standard 4,000 lines per second galvanometer scanning 1s
required for 10 volume per sec (VPS) imaging. This benefit
1s particularly important for studying awake, behaving
organisms. It will also circumvent motion artifacts in awake,
behaving animals since a full 3D volume 1s sampled rapidly
enabling 3D registration and avoiding loss of structures from
a 2D plane.
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Optionally, wavefront corrections for distortions and
aberrations from forming the oblique beam through the
objective may be incorporated into the FIG. 4 embodiment.
Optionally, the beam of excitation light may be conditioned
to deliver higher peak intensities at deeper depths to combat
attenuation.

Although an 80 MHz Ti:Sapphire laser may be suilicient
for use with the FIG. 4 embodiment, lower laser repetition
rates can dramatically improve the two-photon signal. For
example, by lowering the repetition rate from 80 MHz to 1
MHz, the number of photons in each pulse can be increased
by a factor of 80x, which will have a dramatic effect on the
odds of achieving a significant number of 2-photon excita-
tions.

FIG. 5A 1s similar to the FIG. 4 embodiment described
above except that instead of situating the linear detector 490
at a location that i1s remote from the intermediate 1mage
plane, the linear array 590 in the FIG. 5A embodiment 1s
situated at a position that coincides with the intermediate
image plane 470. This approach may also be done when a
linear portion of a 2D camera 1image sensor 1s used. This
approach may capture more light but, depending on the
upstream optics, may suller some aberration such as chro-
matic as one of skill in the art will observe. The FIG. SA
embodiment shares the advantages of the FIG. 4 embodi-
ment discussed above.

Positioning the linear array 590 to coincide with the
intermediate 1image plane 470 works best when the detector
clements are spaced sufliciently close so that the magnifi-
cation provided by the first set of optical components
431-440 and the second set of optical components 451-460
produce an 1image at the intermediate image plane 470 that
provides reasonable resolution. For example, 11 10 detector
clements are spaced at a 50 um pitch, the resulting span at
the intermediate 1mage plane 470 would be 0.5 mm.

I1 the pitch of the detector elements 1s significantly larger
(e.g., 1 mm), the concept of using direct incidence onto the
linear detector 590 may still be used 11 the linear detector
590 1s moved to a different position. For example, 11 the
linear detector 590 1s moved to a position between lenses
451 and 4535 (at a significant tilt with respect to the optical
axis between lenses 451 and 453), the lens 451 1s replaced
with a shorter focal length lens to de-magnify the resulting
image plane and thus reduce 1ts tilt to match the pitch of the
detector elements, and all the components that are distally
beyond the lens 451 are deleted, we end up with the
configuration depicted in FIG. SB.

In the FIG. 5B embodiment, the linear detector 590 will
be able to capture an imperiect image that appears distally
beyond the lens 451'. Optionally, a phase plate, SLM, or
other approaches may be used to flatten this 1image to the
extent possible onto the linear detector 590. Although this
image will contain significant aberrations, this may not be
problematic, particularly when the resolution in the depth
direction 1s low (e.g., 8 or 16 large pixels in the depth
direction). In alternative embodiments, instead of position-
ing the linear detector 590 1n embodiment at a significant tilt
with respect to the optical axis of lens 451' (as depicted 1n
FIG. SB), the linear detector 590 may be positioned perpen-
dicular to that axis. And although this positioning may
increase the aberrations, when the resolution 1n the depth
direction 1s low enough (e.g., 6 or 8 pixels 1n the depth
direction), these aberrations may not be problematic.

FIG. 6 1s similar to the FIG. 4 embodiment, except that
instead of itroducing the beam of excitation light into the
system via the beam splitter 420 of FIG. 4 (which 1s disposed
between the proximal end of the second set of optical
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components 451-460 and the scanning element 425), that
beam splitter 1s omitted, and the beam of excitation light 1s
introduced into the system by injecting the beam via the
second objective 460 so that 1t passes 1n a distal to proximal
direction through the second set of optical components
451-460.

One approach for accomplishing this, which 1s depicted in
FIG. 6, uses a light source 600 followed by Bessel beam
shaping optics 610 to form a beam of excitation light. The
operation ol the light source 600 and beam shaping optics
610 in this FIG. 6 embodiment are similar to the corre-
sponding components 400, 410 in the FIG. 4 embodiment
described above. The beam of excitation light 1s then intro-
duced to the fourth objective 620. The beam of excitation
light passes through a fourth objective 620 and enters the
distal end of the second set of optical components 451-460.
The beam of excitation light then passes through the second
set of optical components 451-460 1n a distal to proximal
direction until 1t reaches the scanning element 425. Subse-
quently, operation of this FIG. 6 embodiment resembles that
of the FIG. 4 embodiment described above. However, 1n this
embodiment, the adjustable slit may have to be relocated to
a position that 1s remote from the mtermediate image plane
170. For example, the slit 668 may be positioned just prior
to the linear detector 490. The FIG. 6 embodiment shares the
advantages of the FIG. 4 embodiment discussed above. But
in addition, introducing the beam of excitation light into the
system as shown 1n FIG. 6 may also help to reduce aberra-
tions after optimization of wavelength-dependent through-
put.
FI1G. 7 1s similar to the FIG. 4 embodiment, except that the
FIG. 7 embodiment adds a non-imaging detector 710 posi-
tioned to detect light that 1s otherwise lost. More specifically,
a first part of the return light passing through the stationery
tilted intermediate 1image plane reaches the image sensor 490
as described above 1n connection with FIG. 4. A second part
of the return light arrives at the non-imaging photo detector
710. Signal from the non-imaging detector 710 may be used
to form a flat image with no depth resolution, where depth
1s resolved by the imaging detector 490 by imaging light
along a length of the excitation beam. The signal from the
light recerved by the non-imaging photodetector 710 and the
imaging sensor 490 can then be combined to enhance a
three-dimensional representation of the distribution of return
light 1n the tissue 1indicated by the signal received from the
imaging sensor 490. In some embodiments, this enhancing
includes adjusting the total variation in the three-dimen-
sional distribution detected responsively to the varnation
along the non-depth axes indicated by the three-dimensional
representation, whereby signal-to-noise 1n the three-dimen-
sional representation i1s reduced. Optionally, the flat 1mage
and a three-dimensional representation may be output simul-
taneously on a display, responsively to signals from the
non-imaging detector 710 and the imaging sensor 490. The
FIG. 7 embodiment provides these advantages 1in addition to
the advantages of the FIG. 4 embodiment discussed above.

In any of the 2-photon embodiments described above,
reduced scattering at near-infrared wavelengths enables
2-photon laser scanning microscopy (2PLSM) to image
deeper 1nto scattering biological tissue. In contrast to con-
ventional point-scanning 1mplementations of 2PLSM
(which are limited by slow volumetric 1imaging rates) the
architectures described herein facilitates the capture of fast,
3D dynamics in vivo (including, e¢.g., an awake behaving
mouse or marmoset brain). The unique single-objective
geometry and scan-descan approach enables rapid move-
ment of the illuminated plane through the sample without
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needing physical translation of the objective or sample. Note
that 1 the 2-photon embodiments described above, all
lenses are preferably chosen/coated to account for shared
transmission of NIR and visible light. Note also that the
techniques described above may be extended to 3-photon
excitation, SHG, Raman, up-conversion, etc.

In any of the 2-photon embodiments described above, the
detector 490 may be replaced by two or more detectors,
together with a wavelength-dependent splitter that 1s posi-
tioned prior to those detectors. The wavelength-dependent
splitter 1s configured to direct light of respective different
wavelengths to respective detectors. This configuration 1s
useiul when the excitation beam excites multispectral fluo-
rescence, 1n which case each of the respective detectors will
respond to florescence at a different wavelength.

The 2-photon embodiments described above are capable
of providing extended depth of penetration and improved
background rejection and contrast compared to single-pho-
ton embodiments. Note that 1n all of the 2-photon embodi-
ments described above, the probability of 2-photon excita-
tion 1s very low and the excited fluorescence 1s dependent
quadratically on the light intensity. Traditional techniques
including but not limited to utilizing the patterned excitation
and novel pulsed laser sources may be used to increase the
rate of two-photon excited fluorescence.

Features of the disclosed embodiments may be combined,
rearranged, omitted, etc., within the scope of the mnvention
to produce additional embodiments. Furthermore, certain
features may sometimes be used to advantage without a
corresponding use of other features. It 1s, thus, apparent that
there 1s provided, 1n accordance with the present disclosure,
imaging devices methods and systems. Many alternatives,
modifications, and variations are enabled by the present
disclosure. While specific embodiments have been shown
and described in detail to illustrate the application of the
principles of the mvention, 1t will be understood that the
invention may be embodied otherwise without departing
from such principles. Accordingly, Applicants intend to
embrace all such alternatives, modifications, equivalents,
and variations that are within the spirit and scope of the
present 1vention.

According to embodiments, the disclosed subject matter
includes an 1maging apparatus with an 1mage array has an
array ol photodetectors. Imaging optics positioned between
a sample space and the 1image array to image light from the
sample space onto the image array. The imaging optics has
an objective through which light 1s received from the sample
space and through which excitation light 1s projected by a
beam projector along a beam path, such that secondary light,
generated by the excitation light, 1s conveyed to the image
array. The 1maging optics 1s arranged to convey secondary
light from respective interval along the beam path each of
the photodetectors. The beam projector and 1imaging optics
include scanning and descanning elements, controlled by a
programmable scanning controller, that sweep the beam path
transversely through the sample space. The control of the
descanning element 1s eflective to maintain an image of the
sample regions on the image array. A readout controller that
samples signals from the photodetectors to divide each
sweep of the beam path to produce from each photodetector,
an array of pixels developed along respective axes orthogo-
nal to the beam path, such that each corresponds to a layer
of the sample space. The spatial resolution corresponding to
cach array of pixels 1s multiple times higher than the
thickness of each layer which corresponds to the respective
intervals along the beam path.
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In vanations of the foregoing imaging apparatus, the
readout controller 1s adjusted to sample said photodetectors
at a rate to complete 10 scans of said sample regions per
second. In further variations of any of the foregoing imaging
apparatuses, the readout controller 1s adjusted to sample said
photodetectors at a rate to complete 20 scans of said sample
regions per second. In further vanations of any of the
foregoing i1maging apparatuses, the readout controller is
adjusted to sample said photodetectors at a rate to complete
25 scans of said sample regions per second. In further
variations ol any of the foregoing imaging apparatuses, the
excitation light defines a pencil beam. In further variations
of any of the foregoing imaging apparatuses, the pencil
beam 1s narrower than a depth of the layers. In further
variations of any of the foregoing imaging apparatuses, a
programmable 1mage processor 1s programmed to construct
a three-dimensional model from a set of samples obtained
from one or more sweeps ol the excitation light. In further
variations ol any of the foregoing imaging apparatuses, the
readout controller 1s connected to the image array to sample
all of the photodetectors simultaneously. In further varia-
tions of any of the foregoing imaging apparatuses, the
excitation light has a wavelength an integer multiple of a
wavelength of the secondary light. In further variations of
any ol the foregoing imaging apparatuses, the photodetec-
tors include photomultiplier tubes. In further variations of
any of the foregoing 1imaging apparatuses, the photodetec-
tors include photodiodes. In further variations of any of the
foregoing 1maging apparatuses, each photodetector includes
a respective aggregate of photodiodes of an array of photo-
diodes. In further variations of any of the foregoing imaging
apparatuses, the number of layers 1s 6, 20, 60, 100, 500, or
800.

In further variations of any of the foregoing imaging
apparatuses, the beam projector includes an excitation light
source and optical components arranged to apply light to a
portion of a back aperture of the objective. In further
variations ol any of the foregoing imaging apparatuses, the
scanning and descanning elements are portions of moving
reflective elements driven by one or more motors. In further
variations of any of the foregoing 1imaging apparatuses, the
scanning and descanning elements are moved by one or
more electric motors. In further vanations of any of the
foregoing 1maging apparatuses, the excitation light emerges
from the objective obliquely with an effective numerical
aperture that 1s less than a nominal numerical aperture of the
objective as a result of the excitation light underfilling a back
aperture of the objective. In further variations of any of the
foregoing imaging apparatuses, the effective numerical aper-
ture 1s less than 0.1. In further vanations of any of the
foregoing imaging apparatuses, the effective numerical aper-
ture 1s less than 0.05. In further vanations of any of the
foregoing 1maging apparatuses, a beam formed from the
excitation light by the objective 1s a pencil beam. In further
variations of any of the foregoing 1imaging apparatuses, the
objective has an optical axis and the pencil beam 1s oblique
to the optical axis at at least one point during a sweep
thereot. In further vanations of any of the foregoing 1maging
apparatuses, the objective has an optical axis and the pencil
beam 1s oblique to the optical axis at every point during a
sweep thereof. In further variations of any of the foregoing
imaging apparatuses, the excitation light has a wavelength
longer than the secondary light. In further variations of any
of the foregoing imaging apparatuses, the scanning and
descanning are repeated continuously to generate data per-
mitting the sample volume to be imaged at least 10 times per
second for multiple seconds. In further varniations of any of

10

15

20

25

30

35

40

45

50

55

60

65

26

the foregoing imaging apparatuses, the scanning and des-
canning are repeated continuously to generate data permiut-
ting the sample volume to be 1imaged at least 20 times per
second for multiple seconds. In further vanations of any of
the foregoing 1maging apparatuses, the scanning and des-
canning are repeated continuously to generate data permut-
ting the sample volume to be 1imaged at least 25 times per
second for multiple seconds. In further vanations of any of
the foregoing 1maging apparatuses, the scanning and des-
canning are repeated continuously to generate data permut-
ting the sample volume to be 1imaged at least 50 times per
second for multiple seconds.

In further variations of any of the foregoing imaging
apparatuses, the 1image array 1s part of a scalable comple-
mentary metal-oxide semiconductor (sCMOS) camera. In
further variations of any of the foregoing imaging appara-
tuses, a programmable 1mage processor 1s programmed to
construct a three-dimensional model from a set of samples
obtained from one or more sweeps of the excitation light and
a user interface connected to apply commands to the image
process, the 1mage processor 1s programmed to selectively
sum signals from the photodetectors to permit a selected
number of layers in the sample volume to permit a user to
increase a speed of sampling of excitation light from the
sample volume by selectively compromising the resolution
along the beam path and increasing a speed of scanning and
descanning responsively to the user mput recerved from the
user interface.

In further variations of any of the foregoing imaging
apparatuses, the scanning controller 1s connected to receive
commands from the user interface to permit a step size of the
scanning and descannming to permit a transverse resolution of
images also to be selected.

According to embodiments the disclosed subject matter
includes a further imaging apparatus with a first set of
optical components has a proximal end and a distal end,
wherein the first set of optical components includes a first
objective disposed at the distal end of the first set of optical
components. A second set of optical components has a
proximal end and a distal end. A light source generates a
pulsed output beam with a first wavelength. A third set of
optical components 1s arranged to shape the output beam
generated by the light source 1nto a beam of excitation light,
the beam shape includes lobes. A scanning element provides
two-dimensional scanning of light, the scanning element
disposed proximally with respect to the proximal end of the
first set of optical components and proximally with respect
to the proximal end of the second set of optical components.
The scanning element i1s arranged to route the beam of
excitation light so that the beam of excitation light will pass
through the first set of optical components 1n a proximal to
distal direction and project into a sample that 1s positioned
distally beyond the distal end of the first set of optical
components, wherein the beam of excitation light 1s pro-
jected into the sample at an oblique angle, and wherein the
beam of excitation light 1s projected into the sample at a
position that varies depending on an orientation of the
scanning element. The first set of optical components routes
detection light from the sample in a distal to proximal
direction back to the scanning element, wherein the detec-
tion light has a second wavelength that 1s shorter than the
first wavelength. The scanning element 1s also arranged to
route the detection light that arrives via the first set of optical
components so that the detection light will pass through the
second set of optical components in a proximal to distal
direction and form an intermediate image plane at a station-
ary position that i1s distally beyond the distal end of the
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second set of optical components. A linear array of light
detecting clements, wherein each of the light detecting
clements 1s sensitive to the second wavelength, wherein the
linear array 1s arranged to capture a plurality of second-
wavelength 1mages of the intermediate 1mage plane that
correspond, respectively, to a plurality of different orienta-
tions of the scanning element or positions of the excitation
beam. A mechanism 1s provided for mitigating the amount of
detection light resulting from excitation light in the lobes.
The onentation of the scanning element i1s controlled to
cause the position of the beam of excitation light to sweep
out a three-dimensional volume within the sample.

In further variations of the foregoing further imaging
apparatus, the mechanism for mitigating includes a selected
wavelength and instantaneous intensity of the pulsed output
beam. In further variations of any of the further foregoing
imaging apparatuses, the mechanism for mitigating includes
an optical slit positioned 1n an optical path of the detection
light between the scanning element and the linear array that
blocks 1image light from the lobes and scattered light. The slit
may also provide an additional point spread function that
may 1mprove resolution. In a method, any of the further
foregoing 1maging apparatuses 1s provided and the method
includes selecting the wavelength and instantaneous inten-
sity of the pulsed output beam such that the amount of 1mage
light from the lobes 1s less than one percent of the amount
of light received from a main part of the beam. The fore-
going method may be such that the selecting 1s such that the
amount of 1image light receirved from the lobes 1s zero.

In further vanations of any of the further foregoing
imaging apparatuses, the first wavelength 1s at least 620 nm.
In further variations of any of the further foregoing 1maging
apparatuses, the optical slit 1s situated adjacent to the inter-
mediate 1mage plane. In further variations of any of the
turther foregoing imaging apparatuses, the third set of
optical components generate a Bessel beam or a Bessel-
Gauss beam. In further vaniations of any of the further
foregoing imaging apparatuses, the third set of optical
components operates by focusing a Gaussian beam using an
axicon lens. In further vanations of any of the further
foregoing 1maging apparatuses, the third set of optical
components comprises a spatial light modulator. In further
variations of any of the further foregoing 1imaging appara-
tuses, the linear array 1s situated at a position that coincides
with the intermediate 1image plane. In further vanations of
any of the further foregoing 1imaging apparatuses, the linear
array 1s situated at a position that 1s remote from the
intermediate 1mage plane, and wherein the 1maging appara-
tus further comprises optical components arranged to (a)
route light from the intermediate image plane to the linear
array and (b) provide magmfication. In further vaniations of
any ol the further foregoing imaging apparatuses, a wave-
length-selective filter 1s positioned 1n the optical path of the
detection light between the scanning element and the linear
array that prevents light has the first wavelength from
reaching the linear array. In further variations of any of the
turther foregoing imaging apparatuses, each of the light
detecting elements of the linear array comprises a photo-
diode or a photomultiplier tube element. In further variations
of any of the further foregoing 1imaging apparatuses, a beam
splitter 1s arranged to (a) route the excitation light that was
shaped by the third set of optical components towards the
scanning element. and (b) route the detection light arriving
from the scanning element through the second set of optical
components. In further varniations of any of the further
foregoing 1maging apparatuses, the second set of optical
components includes a second objective disposed at the
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distal end of the second set of optical components. In further
variations of any of the further foregoing 1imaging appara-
tuses, optical components are providing that include a third
objective arranged to route the excitation light that was
shaped by the third set of optical components 1nto the distal
end of the second objective such that the excitation light will
travel through the second set of optical components in a
distal to proximal direction towards the scanning element. In
further vanations of any of the further foregoing imaging
apparatuses, the first wavelength 1s at least 1 pum.

According to embodiments, the disclosed subject matter
includes an 1imaging method. The method includes project-
ing a pulsed Bessel beam of NIR excitation light into a
sample at an oblique angle at a suflicient intensity to induce
2-photon excitation of fluorescence within the sample. The
method further includes scanning the beam of excitation
light through a volume in the sample at a speed that i1s
suflicient to sweep the beam through a three-dimensional
region ol the sample at at least 10 volumes per second, with
a resolution 1n each volume of at least 256x256x8 1n the X,
Y, and depth directions, respectively. The method further
includes imaging fluorescence that originates from the posi-
tion of the beam of excitation light onto an intermediate
image plane that remains stationary while the beam of
excitation light 1s scanned. The method further includes
capturing, using a linear array of light detecting elements, a
plurality of images of the intermediate 1mage plane that
correspond, respectively, to a plurality of difierent scanning
orientations. The fluorescent light passes through an optical
slit prior to arniving at the linear array of light detecting
clements.

In any of the foregoing embodiments that include NIR
excitation light, the NIR excitation light may have a wave-
length of at least 1 um.

According to embodiments, the disclosed subject matter
includes a still further imaging apparatus with a light source
that generates a pulsed Bessel beam of excitation light at a
first wavelength, wherein the first wavelength 1s at least 620
nm. An optical system (a) projects the beam of excitation
light into a sample at an oblique angle, wherein a position of
the beam of excitation light within the sample varies
depending on an orientation of a scanning element that
provides two dimensional scanning of light, and (b) forms,
from detection light that originates from the position of the
beam of excitation light, an image at an intermediate 1mage
plane, wherein the intermediate 1image plane remains sta-
tionary regardless of the orientation of the scanning element,
and wherein the detection light has a second wavelength that
1s shorter than the first wavelength. A linear array of light
detecting elements 1s provided. Each of the light detecting
clements 1s sensitive to the second wavelength, wherein the
linear array 1s arranged to capture a plurality of second-
wavelength 1mages of the intermediate 1mage plane that
correspond, respectively, to a plurality of different orienta-
tions or positions of the scanning element or the excitation
beam. An optical slit 1s positioned 1n an optical path of the
detection light between the scanning element and the linear
array. The orientation of the scanning element 1s controlled
to cause the position of the beam of excitation light to sweep
out a three-dimensional volume within the sample. The
optical slit 1s situated adjacent to the intermediate image
plane. The Bessel beam of excitation light 1s generated using
a spatial light modulator. The linear array 1s situated at a
position that coincides with the intermediate 1mage plane.
The linear array 1s situated at a position that 1s remote from
the imtermediate 1mage plane, and wherein the 1maging
apparatus further comprises optical components arranged to
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(a) route light from the intermediate 1mage plane to the
linear array and (b) provide magnification.

In further variations of any of the foregoing still further
imaging apparatuses, a wavelength-selective filter 1s posi-
tioned 1n the optical path of the detection light between the
scanning element and the linear array that prevents light has
the first wavelength from reaching the linear array. In further
variations ol any of the foregoing still further imaging
apparatuses, each of the light detecting elements of the linear
array comprises a photodiode or a photomultiplier tube
clement. In further variations of any of the foregoing still
turther 1maging apparatuses, the first wavelength 1s at least
1 um.

According to additional embodiments, the disclosed sub-
ject matter includes an 1maging apparatus with a first set of
optical components has a proximal end and a distal end,
wherein the first set of optical components includes a first
objective disposed at the distal end of the first set of optical
components. A second set of optical components has a
proximal end and a distal end. A light source that generates
a pulsed output beam with a first wavelength, wherein the
first wavelength 1s at least 620 nm. A third set of optical
components arranged to shape the output beam generated by
the light source into a Bessel beam shaped beam of excita-
tion light. A scanning element provides two-dimensional
scanning of light, the scanning element disposed proximally
with respect to the proximal end of the first set of optical
components and proximally with respect to the proximal end
of the second set of optical components. The scanning
clement 1s arranged to route the beam of excitation light so
that the beam of excitation light will pass through the first set
of optical components 1n a proximal to distal direction and
project into a sample that 1s positioned distally beyond the
distal end of the first set of optical components, wherein the
beam of excitation light 1s projected into the sample at an
oblique angle, and wherein the beam of excitation light 1s
projected into the sample at a position that varies depending,
on an orientation of the scanning element. The first set of
optical components routes detection light from the sample 1n
a distal to proximal direction back to the scanning element,
wherein the detection light has a second wavelength that 1s
shorter than the first wavelength. The scanning element 1s
also arranged to route the detection light that arrives via the
first set of optical components so that the detection light will
pass through the second set of optical components 1mn a
proximal to distal direction and form an intermediate 1image
plane at a stationary position that 1s distally beyond the distal
end of the second set of optical components. A linear array
of light detecting elements 1s provided, wherein each of the
light detecting elements 1s sensitive to the second wave-
length, wherein the linear array 1s arranged to capture a
plurality of second-wavelength images of the intermediate
image plane that correspond, respectively, to a plurality of
different positions and/or orientations of the scanning ele-
ment or positions and/or orientations of the excitation beam.
An optical slit 1s positioned i1n an optical path of the
detection light between the scanning element and the linear
array. The orientation of the scanning element 1s controlled
to cause the position of the beam of excitation light to sweep
out a three-dimensional volume within the sample.

In vanations of the additional embodiments, the slit 1s
situated adjacent to the intermediate image plane. In varia-
tions of the additional embodiments, the third set of optical
components generates a Bessel-Gauss beam and operates by
focusing a Gaussian beam using an axicon lens. In variations
of the additional embodiments, the third set of optical
components comprises a spatial light modulator. In varia-
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tions of the additional embodiments, the linear array 1s
situated at a position that coincides with the intermediate
image plane.

In variations of the additional embodiments, the linear
array 1s situated at a position that 1s remote from the
intermediate 1image plane, and the imaging apparatus further
comprises optical components arranged to (a) route light
from the mntermediate 1image plane to the linear array and (b)
provide magnification. In variations of the additional
embodiments, a wavelength-selective filter 1s positioned 1n
the optical path of the detection light between the scanning
clement and the linear array that prevents light has the first
wavelength from reaching the linear array. In variations of
the additional embodiments, each of the light detecting
clements of the linear array comprises a photodiode or a
photomultiplier tube element. In variations of the additional
embodiments, a beam splitter 1s arranged to (a) route the
excitation light that was shaped by the third set of optical
components towards the scanning element. and (b) route the
detection light arnving from the scanming element through
the second set of optical components.

In variations of the additional embodiments, the second
set of optical components 1ncludes a second objective dis-
posed at the distal end of the second set of optical compo-
nents. In varniations of the additional embodiments, optical
components are provided that include a third objective
arranged to route the excitation light that was shaped by the
third set of optical components 1nto the distal end of the
second objective such that the excitation light will travel
through the second set of optical components 1n a distal to
proximal direction towards the scanning element. In varia-
tions of the additional embodiments, the first wavelength 1s
at least 1 um.

According to embodiments, the disclosed subject matter
includes an 1imaging method. The method includes project-
ing a pulsed beam of NIR excitation light into a sample at
an oblique angle at a suflicient intensity to induce 2-photon
excitation of fluorescence within the sample. The method
includes scanning the beam of excitation light through a
volume 1n the sample at a speed that 1s suflicient to sweep
the beam through a three-dimensional region of the sample
at at least 10 volumes per second, with a resolution in each
volume of at least 256x256x8 1n the X, Y, and depth
directions, respectively. The method includes 1maging fluo-
rescence that originates from the position of the beam of
excitation light onto an intermediate 1mage plane that
remains stationary while the beam of excitation light 1s
scanned. The method includes capturing, using a linear array
of light detecting elements, a plurality of 1mages of the
intermediate 1mage plane that correspond, respectively, to a
plurality of different scanning orientations. The fluorescent
light passes through an optical slit prior to arriving at the
linear array of light detecting elements.

In vanations of the foregoing method, the NIR excitation
light has a wavelength of at least 1 um. In further vanations
of the foregoing methods, the beam 1s a Bessel beam.

According to embodiments, the disclosed subject matter
includes an 1maging apparatus with a light source that
generates a pulsed beam of light at a first wavelength,
wherein the first wavelength 1s at least 620 nm. Beam
shaping optics shape the beam of light from the light source
into a beam of excitation light that comprises a series of
spots at different depths. An optical system (a) projects the
beam of excitation light mto a sample at an oblique angle,
wherein a position of the beam of excitation light within the
sample varies depending on an orientation of a scanning
clement that provides two dimensional scanning of light,
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and (b) forms, from detection light that originates from the
position of the beam of excitation light, an 1mage at an
intermediate 1image plane, wherein the intermediate 1image
plane remains stationary regardless of the orientation of the
scanning ¢lement, and wherein the detection light has a
second wavelength that 1s shorter than the first wavelength.
An array of light detecting elements 1s provided, wherein
cach of the light detecting elements 1s sensitive to the second
wavelength, wheremn the array i1s arranged to capture a
plurality of second-wavelength images of the intermediate
image plane that correspond, respectively, to a plurality of
different positions and/or orientations of the scanning ele-
ment or excitation beam. The orientation of the scanning
clement 1s controlled 1n two dimensions to cause the position
of the beam of excitation light to sweep out a three-
dimensional volume within the sample.

In the foregoing imaging apparatus embodiments, the
beam shaping optics may include a spatial light modulator.
In the foregoing 1maging apparatus embodiments, the array
may include a linear array 1s situated at a position that
coincides with the mtermediate image plane. The array may
include a linear array 1s situated at a position that 1s remote
from the mtermediate image plane, and wherein the imaging
apparatus further comprises optical components arranged to
(a) route light from the intermediate image plane to the
linear array and (b) provide magnification. The series of
spots at diflerent depths may be spaced apart at a spacing
that 1s adjustable to facilitate 3-dimensional patterns for
optogenetic stimulation.

According to embodiments, the disclosed subject matter
includes an 1maging method. The method includes generat-
ing a pulsed beam of light at a first wavelength of at least 620
nm. The method includes shaping the beam of light into a
beam of excitation light that comprises a series of spots at
different depths. The method includes projecting the beam of
excitation light 1nto a sample at an oblique angle, wherein a
position of the beam of excitation light within the sample
varies depending on an orientation of a scanning element,
and wheremn the orientation of the scanning element is
controlled 1n two dimensions to cause the position of the
beam of excitation light to sweep out a three-dimensional
volume within the sample. The method includes controlling
positions of the series of spots at diflerent depths to achieve
optogenetic stimulation of at least one target location 1n a
living organism. The method includes forming, from detec-
tion light that originates from the position of the beam of
excitation light, an 1mage at an intermediate 1mage plane,
wherein the intermediate 1mage plane remains stationary
regardless of the orientation of the scanning element, and
wherein the detection light has a second wavelength that 1s
shorter than the first wavelength. The method includes
capturing a plurality of second-wavelength images of the
intermediate 1mage plane that correspond, respectively, to a
plurality of different positions and/or orientations of the
scanning ¢lement or excitation beam. The shaping includes
using a spatial light modulator.

In variations of the foregoing methods, the capturing
includes using a linear array situated at a position that
coincides with the intermediate image plane. In vaniations of
the foregoing methods, the capturing uses a linear array
situated at a position that 1s remote from the intermediate
image plane.

According to embodiments, the disclosed subject matter
includes a method of optical 1imaging comprising. The
method includes transmitting excitation light towards an
objective via a first optical path, wherein the first optical
path includes a beam splitter and a first light scanning
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clement. The method includes redirecting the excitation
light towards a peripheral region of the objective such that
the excitation light passes through the objective and forms
an oblique beam 1n a tissue, wherein the position of the
oblique 1maging plane within the tissue varies depending on
an orientation of the first light scanming element. The
method includes routing return light from the oblique 1mag-
ing plane and passing the return light through a stationary
tilted intermediate 1mage plane by descanning the return
light. The method includes conveying a first part of the
return light passing through the stationary tilted intermediate
image plane to an 1image sensor through 1imaging optics and
conveying a second part to a non-imaging photodetector.
In variations, the method further includes using a signal
from the non-imaging detector to form a flat image with no
depth resolution, where depth 1s resolved by the 1maging
detector by imaging light along a length of the excitation
beam. In further variations, the foregoing methods include
combining the signal from the light received by the non-
imaging photodetector and the 1maging sensor to enhance a
three-dimensional representation of the distribution of return
light 1n the tissue 1indicated by the signal received from the
imaging sensor. In further variations, the foregoing methods

are such that the enmhancing includes adjusting the total
variation 1n the three-dimensional distribution detected
responsively to the variation along the non-depth axes
indicated by the three-dimensional representation, whereby
signal-to-noise 1n the three-dimensional representation 1s
reduced. In further variations, the foregoing methods include
outputting the flat image and a three-dimensional represen-
tation simultaneously on a display, responsively to signals
from the non-imaging detector and the imaging sensor.

Note that any of the limitations of any of the following
dependent claims depending from a common independent
claim may be combined to define additional embodiments.
The lack of an explicit recitation of these combinations 1s not
provided purely for practical reasons. Such additional com-
binations of limitations are considered to be disclosed by the
inventor.

It will be appreciated that the modules, processes, sys-
tems, and sections described above can be implemented in
hardware, hardware programmed by software, software
instruction stored on a non-transitory computer readable
medium or a combination of the above. For example, a
method for imaging intact biological structures can be
implemented, for example, using a processor configured to
execute a sequence ol programmed 1nstructions stored on a
non-transitory computer readable medium. For example, the
processor can include, but not be limited to, a personal
computer or workstation or other such computing system
that mcludes a processor, microprocessor, microcontroller
device, or 1s comprised of control logic including integrated
circuits such as, for example, an Application Specific Inte-
grated Circuit (ASIC). The instructions can be compiled
from source code nstructions provided 1n accordance with
a programming language such as Java, C++, Cé#.net or the
like. The instructions can also comprise code and data
objects provided in accordance with, for example, the Visual
Basic™ language, LabVIEW, or another structured or
object-oriented programming language. The sequence of
programmed instructions and data associated therewith can
be stored in a non-transitory computer-readable medium
such as a computer memory or storage device which may be
any suitable memory apparatus, such as, but not limited to
read-only memory (ROM), programmable read-only
memory (PROM), electrically erasable programmable read-
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only memory (EEPROM), random-access memory (RAM),
flash memory, disk drive and the like.

Furthermore, the modules, processes, systems, and sec-
tions can be implemented as a single processor or as a
distributed processor. Further, it should be appreciated that
the steps mentioned above may be performed on a single or
distributed processor (single and/or multi-core). Also, the
processes, modules, and sub-modules described 1n the vari-
ous figures of and for embodiments above may be distrib-
uted across multiple computers or systems or may be
co-located 1n a single processor or system. Exemplary
structural embodiment alternatives suitable for implement-
ing the modules, sections, systems, means, or processes
described herein are provided below.

The modules, processors or systems described above can
be implemented as a programmed general purpose com-
puter, an electronic device programmed with microcode, a
hard-wired analog logic circuit, software stored on a com-
puter-readable medium or signal, an optical computing
device, a networked system of electronic and/or optical
devices, a special purpose computing device, an integrated
circuit device, a semiconductor chip, and a software module
or object stored on a computer-readable medium or signal,
for example.

Embodiments of the method and system (or their sub-
components or modules), may be implemented on a general-
purpose computer, a special-purpose computer, a pro-
grammed microprocessor or microcontroller and peripheral
integrated circuit element, an ASIC or other integrated
circuit, a digital signal processor, a hardwired electronic or
logic circuit such as a discrete element circuit, a pro-
grammed logic circuit such as a programmable logic device
(PLD), programmable logic array (PLA), field-program-
mable gate array (FPGA), programmable array logic (PAL)
device, or the like. In general, any process capable of
implementing the functions or steps described herein can be
used to implement embodiments of the method, system, or
a computer program product (soltware program stored on a
non-transitory computer readable medium).

Furthermore, embodiments of the disclosed method, sys-
tem, and computer program product may be readily imple-
mented, fully or partially, in software using, for example,
object or object-oriented software development environ-
ments that provide portable source code that can be used on
a variety of computer platforms. Alternatively, embodiments
of the disclosed method, system, and computer program
product can be implemented partially or fully in hardware
using, for example, standard logic circuits or a very-large-
scale integration (VLSI) design. Other hardware or software
can be used to implement embodiments depending on the
speed and/or efliciency requirements of the systems, the
particular function, and/or particular software or hardware
system, microprocessor, or microcomputer being utilized.
Embodiments of the method, system, and computer program
product can be implemented in hardware and/or software
using any known or later developed systems or structures,
devices and/or software by those of ordinary skill in the
applicable art from the function description provided herein
and with a general basic knowledge of control systems,
optics, and tissue fixation and/or computer programming
arts.

Moreover, embodiments of the disclosed method, system,
and computer program product can be implemented 1n
soltware executed on a programmed general purpose com-
puter, a special purpose computer, a microprocessor, or the

like.
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It 1s, thus, apparent that there 1s provided, i accordance
with the present disclosure, imaging devices, methods, and
system. Many alternatives, modifications, and variations are
enabled by the present disclosure. Features of the disclosed
embodiments can be combined, rearranged, omitted, etc.,
within the scope of the mnvention to produce additional
embodiments. Furthermore, certain features may sometimes
be used to advantage without a corresponding use of other
teatures. Accordingly, Applicants intend to embrace all such
alternatives, modifications, equivalents, and variations that
are within the spirit and scope of the present invention.

What 1s claimed 1s:

1. An 1maging apparatus comprising:

a light source that generates a pulsed beam of excitation
light at a first wavelength, wherein the first wavelength
1s at least 620 nm;

an optical system that (a) projects the beam of excitation
light into a sample at an oblique angle, wherein a
position of the beam of excitation light within the
sample varies depending on an orientation of a scan-
ning element that provides two dimensional scanning
of light, and (b) forms, from detection light that origi-
nates from the position of the beam of excitation light,
a linear 1image at an intermediate 1image plane, wherein
different points on the linear image correspond to
different depths within the sample, wherein the linear
image at the mntermediate 1mage plane remains station-
ary regardless of the orientation of the scanning ele-
ment, and wherein the detection light has a second
wavelength that 1s shorter than the first wavelength; and

a linear array of light detecting elements, wherein each of
the light detecting elements 1s sensitive to the second
wavelength, wherein the linear array i1s arranged to
capture a plurality of second-wavelength linear images
of the intermediate 1mage plane that correspond,
respectively, to a plurality of different positions and/or
ortentations of the scanning element or excitation
beam; and

an optical slit positioned 1n an optical path of the detection
light between the scanning element and the linear array,

wherein the orientation of the scanming element 1s con-
trolled to cause the position of the beam of excitation
light to sweep out a three dimensional volume within
the sample.

2. The imaging apparatus of claim 1, wherein the optical

slit 1s situated adjacent to the intermediate 1mage plane.

3. The imaging apparatus of claim 1, wherein the beam 1s
a Bessel beam of excitation light that 1s generated using a
spatial light modulator.

4. The imaging apparatus of claim 1, wherein the linear
array 1s situated at a position that coincides with the inter-
mediate 1mage plane.

5. The imaging apparatus of claim 1, wherein the linear
array 1s situated at a position that 1s remote from the
intermediate 1mage plane, and wherein the 1imaging appara-
tus further comprises optical components arranged to (a)
route light from the intermediate 1image plane to the linear
array and (b) provide magnification.

6. The imaging apparatus of claim 1, further comprising
a wavelength-selective filter positioned 1n the optical path of
the detection light between the scanning element and the
linear array that prevents light having the first wavelength
from reaching the linear array.

7. The imaging apparatus of claim 1, wherein each of the
light detecting elements of the linear array comprises a
photodiode or a photomultiplier tube element.
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8. An 1maging apparatus comprising:

a first set of optical components having a proximal end
and a distal end, wherein the first set of optical com-
ponents includes a first objective disposed at the distal
end of the first set of optical components;

a second set of optical components having a proximal end
and a distal end;

a light source that generates a pulsed output beam with a
first wavelength, wherein the first wavelength 1s at least
620 nm;

a third set of optical components arranged to shape the
output beam generated by the light source into a Bessel
beam shaped beam of excitation light;

a scanning element that provides two-dimensional scan-
ning of light, the scanning element disposed proximally
with respect to the proximal end of the first set of
optical components and proximally with respect to the
proximal end of the second set of optical components,

wherein the scanning element i1s arranged to route the
beam of excitation light so that the beam of excitation
light will pass through the first set of optical compo-
nents 1n a proximal to distal direction and project mnto
a sample that 1s positioned distally beyond the distal
end of the first set of optical components, wherein the
beam of excitation light 1s projected into the sample at
an oblique angle, and wherein the beam of excitation
light 1s projected into the sample at a position that
varies depending on an ornentation of the scanning
element,

wherein the first set of optical components routes detec-
tion light from the sample i a distal to proximal
direction back to the scanning element, wherein the
detection light has a second wavelength that 1s shorter
than the first wavelength, and

wherein the scanning element 1s also arranged to route the
detection light that arrives via the first set of optical
components so that the detection light will pass through
the second set of optical components 1n a proximal to
distal direction and form an intermediate image plane at
a stationary position that 1s distally beyond the distal
end of the second set of optical components; and

a linear array of light detecting elements, wherein each of
the light detecting elements 1s sensitive to the second
wavelength, wherein the linear array 1s arranged to
capture a plurality of second-wavelength linear images
of the intermediate 1mage plane that correspond,
respectively, to a plurality of diflerent positions and/or
ortentations of the scanning eclement or excitation
beam, wherein different points 1n each of the plurality
of second-wavelength linear 1mages correspond to dii-
ferent depths within the sample; and

an optical slit positioned in an optical path of the detection
light between the scanning element and the linear array,

wherein the ornientation of the scanning element 1s con-
trolled to cause the position of the beam of excitation
light to sweep out a three-dimensional volume within
the sample.

9. The imaging apparatus of claim 8, wherein the optical

slit 1s situated adjacent to the intermediate 1mage plane.

10. The imaging apparatus of claim 8, wherein the third

set ol optical components generates a Bessel-Gauss beam
and operates by focusing a Gaussian beam using an axicon
lens.

11. The imaging apparatus of claim 8, wherein the third

set of optical components comprises a spatial light modu-
lator.
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12. The imaging apparatus of claim 8, wherein the linear
array 1s situated at a position that coincides with the inter-
mediate 1mage plane.

13. The imaging apparatus of claim 8, wherein the linear
array 1s situated at a position that 1s remote from the
intermediate 1mage plane, and wherein the 1maging appara-
tus further comprises optical components arranged to (a)
route light from the intermediate 1image plane to the linear
array and (b) provide magnification.

14. The imaging apparatus of claim 8, further comprising
a wavelength-selective filter positioned 1n the optical path of
the detection light between the scanning element and the
linear array that prevents light having the first wavelength
from reaching the linear array.

15. The imaging apparatus of claim 8, wherein each of the
light detecting elements of the linear array comprises a
photodiode or a photomultiplier tube element.

16. The imaging apparatus of claim 8, further comprising:
a beam splitter arranged to (a) route the excitation light that
was shaped by the third set of optical components towards
the scanming element; and (b) route the detection light
arriving from the scanning element through the second set of
optical components.

17. The imaging apparatus of claim 8, wherein the second
set of optical components includes a second objective dis-
posed at the distal end of the second set of optical compo-
nents.

18. The imaging apparatus of claim 17, further compris-
ng:

optical components including a third objective arranged to

route the excitation light that was shaped by the third
set of optical components 1nto the distal end of the
second objective such that the excitation light waill

travel through the second set of optical components in
a distal to proximal direction towards the scanning
clement.

19. An 1imaging method comprising:

projecting a pulsed beam of NIR excitation light 1nto a
sample at an oblique angle at a suflicient intensity to
induce 2-photon excitation of fluorescence within the
sample;

scanning the beam of excitation light through a volume in
the sample at a speed that 1s suflicient to sweep the
beam through a three-dimensional region of the sample
at at least 10 volumes per second, with a resolution 1n
each volume of at least 256x256x8 1n the X, Y, and
depth directions, respectively;

imaging fluorescence that originates from the position of
the beam of excitation light onto an intermediate 1mage
plane that remains stationary while the beam of exci-
tation light 1s being scanned; and

capturing, using a linear array of light detecting elements,
a plurality of linear images of the imntermediate 1mage
plane that correspond, respectively, to a plurality of
different scanning orientations, wherein ditlerent points
in each of the plurality of second-wavelength linear
images correspond to different depths within the
sample,

wherein the fluorescent light passes through an optical slit
prior to arriving at the linear array of light detecting
clements.

20. The apparatus of claim 19, wherein the excitation

beam 1s a Bessel beam.
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